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ABSTRACT 
The aim of this study is to determine the influence alloy 
diffusion processes have on corrosion. 
Commercial ferritic AISI 446, austenitic AISI 310, AISI 310 
+ Nb, Aged AISI 310 and martensi tic 9Cr - IMo specimens were cut 
from boiler tubes. Specimens were suiphidised at 550, 650 and 700°C, 
for times up to 1000 hours. Chemical volume diffusion coefficients 
were measured using diffusion couples. 
At 550°C inward plastic deformation of scales occurs. Scale 
diffusion and scale spalling control the corrosion rate, resulting 
in a linear rate law at 5500 c. 
At 650 and 700°C extensive internal sulphidation occurs. 
In ferri tic AISI 446 the internal sulphides are confined to grain 
boundaries, whereas in the austenitic steels they are randomly 
distributed throughout the matrix. This is due to internal sulphi-
dation occurring more rapidly by sulphur attack of carbides. At 650°C 
the internal sulphides coalesce to form an inward growing scale. 
At 700°C metal loss is negligible. Measured corrosion rates at 650 
and 700't are less than those in previous studies. This is due to 
diffusion in the internal sulphidation zone controlling the corrosion 
rate. 
The chemical volume diffusion coefficient for ferritic 
AISI 446, in the temperature range 800 to 1000oC, is: 
~ 
D = o 15(+0.54\ 
. -0.12} (
-210 (±15») 2-1 
exp cm s 
RT 
and for austenitic AISI 310, in the temperature range 800 to 1200o C, 
is: 
0.27 (
+1.04) 
-0.22 ( 
-264 (+16») 
exp 
HT 
2 - 1 
cm s 
Enhanced diffusion along internal sulphide precipitates is 
required to explain the extent of chromium depletion at 650 and 70cJ' C. 
Du tward chromium diffusion, from the alloy, is analysed by ex tending 
the Fisher model for enhanced diffusion. Expressions are derived 
relating the chromium outpu t from an alloy .to volume and grain boundary 
-diffusion coefficients, gr-ain size, temperature and time. 
If internal corrosion is significant, corrosion rates should 
be reduced by using low carbon and/or Nb-stabilised stainless steels. 
The benefi ts of materials with large volume diffus ion coefficients, 
or a smaller grain size, can be assessed from the expressions for 
chromium output. 
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1.0 INTRODUCTION 
The aim of this study is to determine the inf luence alloy 
diffusion processes have on the corrosion of coal fired power station 
boi ler tubes. A selection of ferri tic and aus teni tic stainless steels 
are sUlphidised in the temperature range 550 to 700°C. The volume 
chemical diffusion coefficients are measured using diffusion couples. 
The different alloy diffusion rates enables the influence of alloy 
diffusion processes on corrosion to be determined. 
Fireside corrosion of furnace wall tubes, in C.E.G.B. pulver-
ised fuel fired boilers, l1mi ts the life of tubes and reliabil1 ty of 
the boiler. The furnace wall tubes are located in the burner region 
of the boiler (figure 1) where they experience fireside metal surface 
temperatures up to 450°C. Furnace wall tubes can experience extensive 
corrosion due to the flame and unburnt coal particles impinging on 
the tube surface. The maximum boiler tube metal temperature is 650°C, 
and occurs in the superheater and reheater sections (figure 1). 
Several me thods have been tried to reduce fireside metal was tage rates 
in coal fired boilers (Flatley, 1980). These include use of finer com-
bus tile particles, improved distribution of pulverised fuel and increas-
ing the oxygen present. Increased oxygen partial pressure encourages 
the formation of protective metal oxides, providing a barrier to 
aggressive chlorine and sUlphur gases. These methods have not produced 
any significant reduction in metal wastage rates. 
The use of materials with improved corrosion resistance enables 
reduced metal wastage rates to be achieved. At high temperatures 
austenitic steels are preferred to ferritic steels due to their greater 
strength. However aus teni tic stainless steel tubes are susceptible to 
stress corrosion cracking on the waterside. A solution to this problem 
is the use of co-ex truded tubes, consis ting of a ferri tic carbon steel 
inner core cladded wi th a high chromium steel ou ter (Faulkner et al., 
1973). 
2 
Thl!' carbon steel inner provides resis tance to waterside stress 
corrosion. The carbon steel inner also facilitates welding of co-
extruded tubes to mono-block carbon steel tubes. The latter are 
located in less corrosive regions of the boiler. The stainless steel 
outer provides resistance to corrosive attack on the fireside of the 
boiler tube. Additional mechanical strength is achieved if the stain-
less steel outer is austenitic. 
The corrosion resistance of stainless steels is attributed to 
the formation of a stable chromium oxide film. On carbon steels 
only iron oxides can form. Diffusion processes are slower in chromium 
oxides, as they have a lower defect concentration, compared to iron 
oxides. Diffusion of reactants through the growing oxide layer is 
required so that corrosion can proceed. Thus chromium oxides provide 
improved corrosion resistance relative to iron oxides. The chromium 
sesquioxide, Cr203, provides the maximum resistance to external attack. 
Often on stainless steels mixed chromium/iron spinel oxides form. 
The resistance of oxides to further corrosive attack increases with 
increasing chromium to iron ratio of the oxide. 
The chromium con ten t of oxides is dependent upon the rate at 
which chromium can be supplied from the alloy. An increased chromium 
supply is obtained by increasing the alloy chromium concentration, 
decreasing the quanti ty of chromium tied up in the form of chromium 
carbides or using materials with increased alloy diffusivities. Chrom-
ium is expensive and therefore high chromium tubes are uneconomic. 
The number of chromium carbides can be reduced by adding a carbide 
stabiliser, such as niobium. An increased alloy diffusivity will 
aid selective ou tward diffusion of chromium. Chromiumdiffusesou twards 
in preference to iron, as chromium oxides are more s tab le. More 
protective oxides, with increased chromium contents, should form on alloys 
with higher alloy diffusion rates. 
The effective maintenance of a chromium rich protective layer 
is determined by the rate at which chromium can be supplied to the ex-
posed surface from the metal interior. Alloy diffusion rates can be 
3 
increased by increasing the number of high diffusivity paths in the 
alloy. Grain boundaries have a much higher diffusivity than the 
surrounding grain matrix. Therefore the chromium supply can be in-
clleased by using a smaller grain size. Cold working of the alloy 
surface produces a high density of enhanced diffusion paths in the 
alloy surface. Ferritic steels have a volume diffusion coefficient 
2 to 3 orders of magnitude greater than austenitic steels and thus 
increasing the chromium flux to the surface. 
Spalling of scales is common, especially if thermal cycling 
occurs. After spa11ing the chromium content of the newly formed scale 
is dependent on the chromium concentration at the newly exposed metal 
surface and the rate at which chromium can be replenished from the 
alloy interior. If selective removal of chromium has occurred previous ly, 
scales with a lower chromium content may form. If less protective 
iron rich scales grow an increased corrosion rate can be expected. Thus 
alloy diffusion rates determine the chromium concentration of the 
initially formed oxide, chromium depletion at the alloy surface and 
subsequent oxidation behaviour should scale spalling occur. 
If alloy diffusion is significant, the variation of surface 
chromium concentration and extent of alloy chromium depletion with time, 
is required to understand long term corrosion behaviour. Alloy depletion 
during corrosion has been analysed by Wagner (1952) using analytical 
1 
equations and Whittle et a1.(1967 ) using a finite element method. 
Comparisons between theoretical predictions and depletion profiles 
measured in experiments have been done only at relatively high tempera-
tures. The models of Wagner and Whittle assume volume diffusion is 
occurring, they are not applicable if enhanced diffusion along high 
diffusivity paths is dominant. 
The materials studied are 9Cr-lMo, AlSl 446, AlSl 310, AISl 310 + 
Nb and Aged AlSl 310. Specimens for both corrosion tests and diffusion 
measurements are cut from the same boiler tubes, supplied by the 
C.E.G.B •. 9Cr-lMo is used in the form of a mono-bloc tube, whereas the 
4 
remaining stainless steels are used in the form of co-extruded tubes. 
Specimens are taken from commercial materials as alloy impuri ties, 
such as carbide precipi ta tes, and the manufacturing process, may 
influence both alloy corrosion and diffusion behaviour. 9Cr-1Mo is 
a martensi tic steel and has a low chromium content relative to the 
other steels. 9Cr-1Mo is used to illustrate the effect of alloy chrom-
ium content on corrosion. The remaining steels have a chromium 
content of 28 atomic % which should enable slower growing chromium 
rich scales to form. A1Sl 446 is ferritic whereas A1Sl 310, A1Sl 310 + 
Nb and Aged A1Sl 310 contain 19 atomic % nickel and are therefore 
austenitic. The different alloy diffusion rates of ferrite and austen-
i te should enable the influence of alloy diffusion processes on 
corrosion to be assessed. A1Sl 310 + Nb is included to determine the 
influence of niobium, a carbide stabiliser, on corrosion behaviour. 
The Aged A1S1 310 is taken from a boiler tube which has been in service 
° for 15,449 hours, wi th an outer wall temperature of approximately 380 C. 
This is included to determine the influence of ageing, during boiler 
service, on corrosion resistance. For corrosion tests only, austenitic 
A1Sl 316 is also included. 
For the study of corrosion, sulphidisation has many advantages 
compared to oxidation. Sulphidisation of alloys occurs at a much 
greater rate than .oxidation. It is therefore advantageous to sulphi-
dise alloys for low temperature corrosion studies, where corrosion 
rates are small. Alloys were sulphidised at 550, 650 and 700°C for 
times up to 1000 hours. Corrosion mechanisms determined for alloy 
sulphidation can often be applied to oxidation of alloys. 
Th~ mos t common method for .<'e_te,:m},nIng_ ~ll_oy_ ~i:r.fu!,ion data is 
the use of radioactive isotopes of the diffusant. This allows tracer 
diffusion coefficients to be measured. During corrosion, alloy depletion 
occurs due to chemical diffusion. Alloy chemical diffusion is studied 
here using diffusion couples. Diffusion across chromium plated and 
iron plated couples shows how phase formation and voids can influence 
diffusion. Volume chemical diffusion coefficients are determined from 
co-extruded couples. 
------------
5 
The extent of alloy depletion, during sulphidisation at 650 
and 700°C, can not be explained by volume and grain boundary 
diffusion processes alone. Enhanced diffusion along internal sulphide 
precipi tates occurs. The corrosion models of Wagner and Wlii ttle are 
not applicable. Alloy depletion is analysed using the Fisher model 
(Fisher, 1951) for enhanced diffusion. The Fisher model is developed 
further to allow the chromium ou tpu t from enhanced diffusion zones 
to be calculated. Theoretical chromium ou tpu ts from bo th enhanced 
diffus ion zones and grain matrix are compared wi th the measured alloy 
depletion. 
The maximum theoretical chromium output from grain boundaries 
and grain matrix can be used to determine the influence of alloy 
diffusion processes on corrosion. This assumes nO enhancement of 
diffusion occurs due to internal oxide precipitation or enhanced matrix 
diffusion. If the chromium output is sufficient to account for the 
observed metal loss then more protective chromium rich scales can form, 
thus reducing the corrosion rate. A relation between grain boundary 
and volume diffusion coeffiCients, grain size, temperature, time and 
allowed metal loss for alloy diffusion to influence corrosion is 
developed. 
6 
2. LITERATURE REVIEW 
2.1 Thermodynamics of Corrosion 
When a reaction reaches equilibrium, i.e. the forward and 
reverse reactions occur at an equal and oppoai te rate, the quanti ties 
of each component can be related to the reaction's 'standard free-
energy change. Consider the reaction 
xA + yB ... ;: rJ + sK + ..... . (1) 
with a standard Gibbs energy change of lIGB. Gibbs energy, also known· 
as free energy, is the maximum portion of a sys tem I s energy which can 
be converted into mechanical work. At equilibrium the activi ties of 
each component, ai, are related by the expression: 
( 2) 
K is called the equilibrium constant. For a reaction at equilibrium K 
is fixed for a given temperature and is independent of the component 
activities. If the activity of one of the components is reduced then 
the reaction will shift in the direction of that component so as to 
restore equilibrium and maintain the same K. If the activity of a 
component is increased the reaction will shift in a direction away from 
that component so as to restore equilibrium. K is related to the 
Gibbs energy change, lIGB, at temperature T by 
lIGB = -RT In K ( 3) 
Activi ty, at. is a measure of the availabili ty of a component for 
reaction. For gaseous components it is given by: 
= ( 4) 
where Pi = pressure of component i 
B pressure in the standard state p = 
(normally pB = 1 atm = 101.3 KNm- 2 ) 
y = activi ty coefficient. 
I 
7 
The activity coefficient,Y, is a correction factor for non-ideal 
behaviour. Gases at normal pressures, that is of the order of 1 
atmosphere or less, behave almost ideally and therefore the activity 
coefficient can be taken to be unity. Only at much higher pressures 
do gases depart Significantly from ideal behaviour, in which case 
the activi ty coefficient would depart from uni ty. 
For solid components, of mole fraction, Ni' the activity, 
ai, is given by: 
ai = Y Ni (S) 
The activi ty coefficient, y, depends on the mole fraction. For a 
solid component which is in or close to its pure state, i.e. with a 
mole fraction close to uni ty, it is found that activi ty equals mole 
fraction. Solids, unlike gases, do not in general form ideal solutions 
(see Bodsworth, 1963) and the activity coefficient can vary significan-
tly from uni ty. 
The deviation of activity from ideal behaviour can be predicted 
qualitatively by considering bond energies. If the solvent and solute 
atoms form separate groups the system will exhibit a positive deviation 
from ideal behaviour, with Y greater than unity. However if the 
solvent and solu te atoms show p~eferential association for each other 
a negative deviation from ideali ty occurs wi th Y less than one. 
Negative deviation is generally associated with compound formation. 
For Fe-Cr alloys at temperatures below 81SoC sigma phase is stable 
(figure 2). Therefore Fe and Cr can be expected to show a negative 
deviation from ideali ty. As a resul t of this departure from ideal 
- ----- --behaviour--the-available-Cr-for-protective -scale-formation, ~during----- -
corrosion, may be less than that expected from the alloy composi tion." 
Activities of Cr in the Fe-Cr system have been obtained by 
Jeannin et a1. (1963) at l040?C and above. The measurements show positive 
deviations from ideality in the ferritic and austenitic phases. Little 
work has been done below 1000oC. Jacob et al. (1979) use activi ties 
8 
determined at 1327°C, quoted in Hultgren et al.(1973) , to calculate 
the free energy of formation of CrI_Xs at 700°C. At l327°C positive 
° deviation from ideal behaviour occurs, whereas at 700 C negative 
deviation can be expected if sigma phase formation occurs. 
Activities determined at high temperatures are not necessarily 
applicable to low temperatures. Due to the lack of determined' activi ty 
data, at temperatures considered here, an activity coefficient of 
one ls assumed. 
In this thesis the sulphidation of stainless steels is con-
s idered. For a mono-sulphide in equi librium wi th its alloy the 
reaction ls 
+ (6) 
where M represents the metal and is Cr, Fe or Ni. Using equations 
(2) and (3) the relation between the Gibbs free energy of reaction 
(6) and the component activities is 
llG e = -R Tin [ ] (7) 
If the monosulphide is pure the activi ty of MS can be taken as 
uni ty. Assuming ideal behaviour, metal activi ty can be equated to the 
metal concentration. Using values of llG8 from tables (Kubaschewski 
et aI., 1979), the minimum sulphur partial pressure in at'm. equal to 
as' , to stabilise a certain metal sulphide can be calculated. Or else 
'2 
for a given SUlphur partial pressure, the minimum metal concentration 
in an alloy for that metal sulphide to exist can be calculated. 
Required sulphur partial pressures and metal concentrations for 
specific sulphides to be stable are calculated in section 3.3.1. If 
selective sulphidation of element A occurs, depletion of A can result 
in the alloy surface concentration of A falling below that necessary 
to stabilise the sulphide. If sulphide A is acting as a protective 
barrier then alloy depletion can result in excessive corrosion due to 
9 
the loss of that barrier. Therefore the degree of alloy depletion 
during corrosion is of importance in determining the stability of 
protective scales, especially over long periods of time. 
2.2 Corrosion Analysis 
2.2.1 Requirement for Corrosion Analysis 
The oxidation resis tance of alloys is normally dependent upon 
the selective oxidation of one element, almost to the exclusion of 
all others, in order to form a stable' protective oxide barrier which 
is able to restrict further attack. This barrier must be coherent 
and sustained to maintain the required protection. To achieve this, 
diffusion of the leas t noble element must be sufficiently rapid in the 
underlying alloy to maintain a certain cri tical concentration at the 
alloy-oxide interface. If the interface concentration of the least 
noble metal falls below this cri tical value then oxidation of other 
elements is likely to occur wi th the subsequent loss of the maximum 
possible corrosion protection. For stainless steels the least noble 
element is normally chromium. 
The critical mole fraction, NA(i)' at the interface can be 
determined by considering the Gibb' s free energies of the possible 
oxides which can form. For 
energies of oxide formation 
respectively. If A is the 
negative than 0 !::,GBO and thus 
a, binary 
o be t::,GAO 
alloy, AB, let the Gibb's free 
o 
and t::,GBO ,for metals A and B 
0 leas t noble element, then t::,G AO is more 
AO will form on the alloy surface in 
preference to BO. Eventually depletion of A at the oxide-scale inter-
face will occur until its concentration falls below the cri tical mole 
fraction, 'NA' at which point the oxide BO will form. If thermodynamic 
ideal behaviour is assumed, mole fraction can be used instead of 
activity. The critical mole fraction, NA, is given by the equilibrium 
condi tion: 
= RT In 
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So long as the interface mole fraction of A does not fall below NA 
only oxide AO will form. 
Normally the critical fraction, NA, is less than 0.1 (Whittle I 
et al., 1967). During thermal cycling of alloys spalling of the 
protective oxide may occur revealing a fresh alloy surface with an 
already depleted layer of the least noble metal which would normally 
have been used in forming the protective oxide barrier. If this depleted 
layer cannot supply enough of the protective element to the alloy-
oxide interface, the concentration of this element may fall below the 
critical mole fraction and thus less protective oxides will form. 
Therefore in corrosive environments where thermal cycling causes 
spalling a knowledge of alloy depletion is required to unders tand the 
excessive rates of metal loss which can occur. These alloy depletion 
layers can be determined analytically (Wagner, 1952), by numerical 
1 
analysis on a computer (Whittle et al. , 1967) and experimentally using 
2 
electron microprobe analysis (Whittle et al. , 1967). 
2.2.2 Wagner's Analysis 
Wagner theoretically analysed diffusion controlled oxidation 
kinetics of binary alloys for certain specified condi tions (Wagner, 1952). 
To achieve this, he assumed virtually complete thermodynamic equilibrium 
between adjacent phases in order that only diffusion processes deter-
mined the oxidation rate. The simplest theoretical analysis is possible 
only if one oxide phase forms. This can occur for specific composi tion 
ranges of an alloy. If oxide of A only forms then dep letion of the 
least noble, A, and enrichment of the more nob.1e., B, ~etal will occur 
at the alloy-oxide interface (Figure 3). This will lead to outward 
diffusion of A and inward diffusion of B. Thus chemical diffusion rates 
can be seen to control the oxidation rate of the alloy for these 
specific conditions. 
2.2.2.1 Diffusion in Oxide 
By considering the migration of A ions across the oxide and using 
the law of mass action, for the equilibrium between elemental oxygen 
11 
and oxide defects, the following expression was derived for the ratio, 
a, of the oxidation rates of an alloy, AB, and the pure element A: 
1 -
= = 
1 -
[ ., 
. ~zv) 
N A(e) IN A(iJ 
4/(zv) 
( 1) 
where NA(e) = mole fraction of A in alloy co-existing with AO 
and the ambient oxygen particl pressure p 
ox(a) 
N,"\(i) = mole fraction of A at alloy-oxide interface 
z = valence of A in AO 
v = constant dependent on oxide lat tice defects 
given by law of mass action. 
KAB = oxidation rate of alloy AB, 
= oxidation rate of pure metal A. 
The. above expression applies for a given oxide thickness, and the 
activi ty of element A is assumed to equal the concentration of A at the 
alloy-oxide interface. 
During corrosion the metal loss, fuc , is given by the 
metal 
parabolic rate law: 
fuc = (2K t)! 
metal c 
where K = corrosion constant of alloy, AB. 
c 
( 2) 
If KO is the corrosion cons tant of pure metal, A, then the ratio of 
c 
oxidation rates is equal to the ratio of the corrosion constants: 
= 
K 
c 
K 0 
c 
( 3) 
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2.2.2.2 Diffusion in Alloy 
The alloy chemical diffusion coefficient, D, is assumed to 
be independent of the alloy composition. Fick's second law gives: 
aNA a 2N 
D A = ( 4) 
at ax 2 
where t = time 
x = dis tance from alloy surface at t = 0 
NA = local mole fraction of A. 
The initial conditions is 
N - N (b) for t = 0 and x > 0 A - A ( 5) 
where NA(b) = mole fraction of A in the alloy or bulk mole fraction. 
Using Fick's first law the outgoing diffusion flUX, J A, of A 
at the alloy-oxide interface is 
where 
= 
D 
n [aa:A J x= 
n = metal atomic volume 
(6) 
-/lxmetal 
/Ix t 1 = displacement of metal surface or metal loss. 
me a 
By differentiating (2) and substituting for K from (3): 
c 
d/lx 
metal 
dt 
= 
/Ix 
metal 
(7) 
2.2.2.3 Solution to Diffusion Equations 
With a knowledge of the corrosion constant, KO , of pure A, 
N c 
the chemical coefficient, D, the bulk-mole fraction, NA(b) and the 
equilibrium mole fraction, NA(e)' it is possible to calculate all 
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other values. The equilibrium mole fraction is given by: 
( 8) 
where TT = dissociation pressure of AO co-existing with pure A. 
ox 
p = oxygen partial pressure of ambient gas 
ox(a) 
z = valence of A in oxide AO. 
Using the above equations Wagner derived an expression for the 
mole fraction of A, N A(x, t)' as a function of dis tance. x I from the 
initial surface and after time, t : 
(9) 
1 - erf 
The interface concentration of A, NA(i) , is given by 
= F ( 10) 
1 - NA(i) 
where F(u) = TT! u(l - erf u) exp ( u 2) ( 11) 
2.2.2.4 Implications of Solution 
For temperatures of interest the value of NA(e) is much less 
than unity. Therefore, unless the interface mole fraction, NA(i)' is less 
than about 0.01, then the ratio, Cl, of the oxidation rates of alloy and 
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pure metal, A, is seen to be one by considering equation (1). Thus 
if NA(i) is greater than 0.01 the oxidation rate is determined by 
diffusion processes in the oxide and not the alloy. In this case the 
oxidation rate should be independent of alloy composition. 
For the corrosion rate of the alloy, Kc,to equal the corrosion 
o 
rate of pure A, K c' there is a lower limit of NA(b) given by: 
N > F [( KO) !] A(b) -::-
2D 
( 12) 
If NA(b) is less than the R.H.S. of (12) and NA(i) is less than 0.01 
then equation (10) gives: 
( 13) 
If the conditions for (13) are satisfied the oxidation rate, Kc, is 
controlled by the alloy chemical diffusion rate, D. 
-1 
Using the inverse function of F, F ,the corrosion constant, Kc' of 
the alloy can be expressed as a function of NA(b) if n is known: 
- 2 
= (14) 
2.2.2.5 Conditions required for Protective Oxide Formation 
In cases of practical interest oxides of both A and B can be 
thermodynamically stable. 
For the exclusive formation of an oxide AO on the alloy surface, 
the element A must diffuse with a sufficient rate towards the alloy-
oxide interface. The supply of A to the interface will increase with 
increasing difference between the bulk concentration and the local con-
centration at the alloy-oxide interface. The latter is practically zero, 
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as in mos t cases the affini ty of A for oxygen is much higher than 
that of B. 
If the concentration of the alloying element is small enough, 
then during oxidation the alloy-oxide interface can be said to remain 
stationary. In this instance the following expression can be used 
instead of (9): 
The maximum flux J '" out of the alloy will occur when 
max 
NA(i) = 0 and using Fick's first law, on equation (15), is given by: 
J 
max 
- ! 
= "NA('b)D 
fHTTt) ! 
(16) 
If the oxide AO only is to form then the maximum flux of A must 
be greater than the rate at which the metal is consumed in oxidation, 
i.e. 
( 17) 
where nA/A = metal consumed per unit area. 
The PUling and Bedworth parabolic rate law gives 
llm 
= (KpB t)! ( 18) A 
where l'om = A mass increase of s ample per uni t area. 
From (17) and using elementary stoi"chiometric relations 
(19) 
where ZA = valence of A in oxide 
16 = atomic weight of oxygen 
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From equations (16), (17) and (19) the minimum concentration of A 'for 
exclusive formation of Aa is: 
N A(min) 16Z A 
(20) 
If the concentration of A falls below NA(min) then oxides of both A 
and B will form, wi th the oxidation rate possibly approaching' that 
of the pure metal B. It must be realised that the above condition 
is a necessary but not sufficient condition for the exclusive formation 
of protective oxide Aa. 
2.2.3 Whittle's Finite Difference Analysis of Corrosi'on 
An alternative approach to Wagner's analytical solution of the 
diffusion equations for oxidation is the use of a finite difference 
I 
method as described by Whittle et al. (1967). This latter method can 
be used for parabolic (1), and cubic (2) and logarithmic (3) rate laws 
which are: 
2 
" 
Y = 2K . t + K (1) P P 
" y' = 3K .t .+ K ( 2) 
c c 
" y = K In(at + 1) + K L ( 3) L 
where y = me tal loss 
K p' K and K L are the parabolic, cubic and c 
logari thmi c rate constants expressed 
in terms of metal loss. 
(K" )! " 1,6 " (K ) and (K L) are the thicknesses of p , c 
the oxide film at zero time. 
The notation used for this analysis is shown in Figure 4. It 
is assumed that only the oxide Aa forms . In a similar manner to 
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Wagner's analysis. Whi:ttle et aI. use Fick's second diffusion law to 
express diffusion in the alloy and Fick's first law for determining 
the outgoing diffusion flux at the alloy-oxide interface, of the 
least noble metal A. However, the concentration, CA(i) , of A at the 
alloy-oxide interface is a function of time and not constant as it 
was in Wagner I s analysis. 
For the alloy phase, assuming a constant chemical diffusion 
... 
coeffiCient, D, Fick's second law gives 
= ( 4) 
The i ni ti al condi tion is 
( 5) 
where L > (Dt); 
= bulk concentration of A. 
In a small time increment, dt, the alloy-oxide interface is displaced 
by a distance, dy, releasing (CA)i.dy g -2 cm of A to the oxide. In 
this time the oxide thickness increases by dz receiving (CA) .dz g cm 
ox 
of A. See Figure 4. The effective flux, J, of A from the alloy is the 
difference of these two quanti ties: 
(6) 
This flux ~is also given by Fick's first law at the interface: 
dz is related to dy by 
dz 
where 
VAO 
= dy 
(7) 
x=y 
( 8) 
2 
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= molecular volume of oxide AO 
= atomic volume of A 
= Pilling-Bedworth ratio 
From (6), (7) arid (8) the following expression is derived: 
= 
x=y 
dy 
dt [ 
V AO. (C ) 
V A A ox 
(9) 
Depending on what oxidation law is being followed one of ei ther 
equations (I), (2) or (3) together with equations (4), (5) and (9) are 
converted to dimensionless form and solved numerically on a computer. 
Using this method alloy depletion profiles and the concentration of A 
at the interface can both be determined as a function of time. The 
concentration profiles of A are dependent on the ratio of oxidation 
rate cons tan t to alloy interdiffus ion coefficient, the ratio of 
concentration of A in the oxide to that in the bulk alloy and the 
Billing-Bedworth ratio. 
The interface concentration of A was shown initially to drop 
suddenly and then rise to a steady value. This steady value was 
attained most rapidly in the case of the parabolic rate law. 
2.2.4 Comparison of Wagner's and Whittle's Treatments 
In both analyses the following assumptions are made: 
1. Complete thermodynamic equilibrium between adjacent phases 
occurs in order that diffusion processes control the 
oxidation rate. 
2. The alloy chemical diffusion coefficient is independent of 
alloy composition. 
3. The activi ty of an element equals its concentration. 
4. Only volume diffusion occurs. 
5. Only the oxide of the least noble metal, A, forms. 
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Wagner (1952) analyses alloy diffusion during the oxidation 
of Ni-Pt alloys, in which Pt is noble. Alloy diffusion is shown to 
control the oxidation rate when the Ni interface concentration approaches 
zero. Whi tUe et a1. (1967 1 ) analyse alloy depletion for alloys -in 
which oxides of both metallic elements are thermodynamically stable. 
However, Whittle et al. choose oxidation and diffusion rates such 
that the interface concentration of the leas t noble metal remains 
above a critical value, in order that only the least noble metal oxide 
forms. In Wagner' s analysis the interface concentration remains fixed, 
whereas in Whi tUe et aI.' s analysis it ini tially falls suddenly and 
then rises to a steady value. 
Bastow et al. (1978) have reviewed the two methods and conclude 
the assumptions required are valid for many situations. Once steady 
state parabolic growth is attained the profiles predicted by the fini te 
difference method and Wagner's analytical approach do not differ 
significantly. Predicted depletion profi les derived using fini te 
difference techniques offer no improvement on those obtained using 
Wagner's analytical solu tion for parabolic growth laws. 
Numerical analysis can be applied to parabolic, logari thmic and 
cubic oxidation rate laws, whereas the analytical analysis is pestricted 
to parabolic laws only. The numerical analysis allows a term to be 
inserted for ini tial oxides on the surface and nucleation effects. 
2.2.5 Data required for analyses 
To predict the alloy depletion profiles both analyses require 
the following data: 
1. Mole fraction of the more easily· oxidisable element in 
the bulk alloy prior to oxidation. 
2. Parabolic rate constant for metal loss. 
3. The alloy chemical diffusion coefficient. 
Wagner's analytical method also requires the mole fraction of 
the more easily oxidisable element at the alloy-oxide interface. The 
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numerical analysis requires the concentration of this element in 
the bulk oxide and also the Pilling-Bedwortb ratio (ratio of molecular 
volume of oxide to atomic volume of alloy). 
2.3 Experimental Corrosion Studies 
2.3.1 Relation between Laboratory Experiments and I ndus trial 
Corrosion 
The objectives of short term laboratory corrosion experiments 
include the following: 
1. De termina tion of corrosion rates of alloys under 
certain specified conditions. 
2. Understanding of the co~rosion processes. 
3. Determination of the rate controlling steps in the 
corrosion reaction. 
Wi th an understanding of corrosion processes and the rate con-
trolling step suggestions for alloys with improved corrosion resistance 
can be made. Also operation of industrial plant can be adjusted to 
minimise corrosion loss. The validi ty of predicting long term metal 
loss from short term trials can be assessed. 
The corrosion resistance of stainless steels is attributed to 
the formation of a stable chromium oxide film. Providing this film 
is adherent to the alloy diffusion of ions or electrons across it is 
often assumed to be the rate controlling step. The flux J of diffusing 
species across the film is inversely proportional to its thickness x 
(Birks ,1983) . dx The rate of scale growth, dt' 
flux of ions across the fi Im: 
dx 
dt 
k 
x 
is proportional to the 
where k is called the parabolic rate constant. Integration gives 
the parabolic rate law: 
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During laboratory corrosion tests, parabolic corrosion rates are 
generally observed. However, laboratory experiments can only simulate 
specific aspects of an industrial environment. A common feature of 
industrial plant operated at high temperatures is thermal cycling 
which causes protective scales to spall away from the surface. 
During short term corrosion tes ts alloy depletion, if it is observed, 
will be less than that occurring in long term industrial use. 
Excessive alloy depletion of the least noble element may result in 
less protective oxides forming. Disruption of protective scale growth 
means the assumptions for parabolic corrosion rates no longer hold. 
For industrial plant linear corrosion rates are assumed (Stringer, 
1984 and Cutler, 1981) to predict metal wastage rates at high temperatures. 
Drawnieks (1955) discusses non-parabolic corrosion of Fe in 
mol ten sulphur (8). Thin films grow parabolica11y, whereas for thick 
films sudden accelerations in film growth are observed resulting in 
overall greater scale growth (figure 5) . The curves in figure 5 can 
be described by 
y = k t n ( t) 
where y = average corrision 
k = rate constant 
n(t)= function of time 
For thin adherent films (curve 1) parabolic growth occurs wi th n( t) 
equal to 0.5. For thick films initially n(t) equals 0.5 and increases 
with time. The experimental curves (2 & 3) have a substructure of 
parabolas, each due to scale failure followed by parabolic healing. 
Failure can occur due to cracking, spalling, blistering or a change in 
the scale chemistry. Drawnieks (1955) calls such scale kinetics micro-
- -- -- -- ---cataclysmic.- -The -rate-cons-tant- is-dependent- upon fundamental-proper ties-
of the chemical sys tem such as diffusivi ty through the corrosion product. 
n(t) is dependent on volume changes of the reaction, scale adherance, 
mechanical properties, surface shape of structure, vibration and thermal 
cycling. These effects are often encountered in industrial environ-
ments and linear growth, with n(t) equal to I, is assumed. 
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Corrosion can be quantified by measuring metal loss, mass 
gain, scale thickness, extent of internal corrosion and gas con-
sumption. Providing the corrosio~ me.chanism does not change wi th time;' 
the determined rate cons tants r for one set of corrosion condi tions, 
should be proportional to each other. They can be related by scale 
densi ties, alloy densi ties, valency of elements in the scales and 
element atomic masses. Metal loss and extent of internal corrosion 
are important in industry as they determine the structural properties 
of an item. In laboratory experiments mass gain is the most common 
measure of corrosion. This is because it can be moni tored continuously 
whilst corrosion proceeds in the furnace. Errors can arise due to the 
spalling of scale. Other methods, apart from gas consumption, require 
several samples to determine the corrosion rate. 
Both oxidation and sulphidation occur in industrial environ-
ments. There are many similarities between the corrosion mechanisms 
of oxidation and sulphidation. To study corrosion mechanisms and the 
rate controlling step, sulphidation has many advantages compared to 
oxidation. 
An important advantage of sulphidation, in the study of corrosion, 
is the much greater corrosion rate compared to oxidation. Thus thick 
scales form in a relatively short time. Sulphide scales are less 
brittle than oxide scales and therefore easier to examine. Sulphur 
concentration in scales and alloys can be measured using electron probe 
micro-analysis (EPMA). Oxygen, due to its much lower characteristic 
X-ray energy, cannot be quantified using EPMA. The sulphur isotope, S35, 
is radioactive compared to the stable oxygen isotope. This permits the 
migration of sulphur to be fOllowed during corrosion relatively simply 
compared to oxygen. Corrosion. mechanisms determined from sulphidation 
studies can often be applied to other gaseous environments. 
2.3.2 Review of sulphidation 
1 2 Mrowec et al. (1970, 1974, 1976 , 1976 , and 1980) and Young 
(1980) have wri tten extensive reviews on sulphidation. Mrowec et aI's 
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reviews are concerned more with pure alloys, whereas Young includes 
commercial alloys as well as pure alloys. Points, relevant to this 
work, from these reviews are· summarised in this sectione 
Sulphidation of Fe-Cr and Fe-Cr-Ni alloys are generally found 
to follow a paraholic rate law wi thin a wide range of temperatures 
and sulphur partial pressures. The sulphidation rate is dependent 
upon the alloy Cr concentration as seen in figure 6. 
rates decrease markedly with increasing Cr content. 
Sulphida tion 
Austenitic Ni-Cr 
and ferritic Fe-Cr alloys have similar sulphidation rates above 16 
at.% Cr. Young (1980) suggests ternary Fe-Cr-Ni alloys are expected 
to show similar sulphidation behaviGur to Fe-Cr alloys providing the 
phase constitution of scales is unaltered. 
Sulphides of Fe, Cr and.Ni form a solid solution within only a 
limited concentration range (Mrowec, 1980). Thus different sulphide 
phases wi 11 tend to form in separate layers. The more noble metal sul-
phides form the ou ter scales and the leas t noble from the inner scales. 
In the Cr concentration range 2 to 40 at. % Cr (figure 6) the outer scale 
is usually Fe sulphide with a small quantity of dissolved er sulphide. 
The inner scale is a solid solution of both Fe and Cr sulphides, or a 
mixed spinel of formula Fe (Fex Cr2,-x)S4 . Scales formed on Fe-Cr-Ni 
steels also contain Ni:. Scales are generally compact. 
Studies of pure metals show that the anion sub-lattice is 
1 
practically undefected (Mrowec, 1976 ). Defects dominate the cation 
sub-lattice and therefore cation diffusion is much greater than anion 
diffusion. 
P_t marker experiments show _ that scales _gr.ow_ by _.Du.tward. Fe_ and_. 
Cr cation diffusion. Cation mobi1i ties of both Fe and Cr are less in 
Fex Cr 1 _ X S solid solu tion and Fe (Fex Cr 2 _ X ) S sulpho spinel than 
in Fe sulphide (Mrowec, 1980). This is explained by the larger free 
energy of Cr sulphides compared to Fe sulphides. The larger the free 
energy the less probahle is vacancy formation. Hence the vacancy con-
centration is less in the inner scale. Thus outward cation diffusion 
in the inner scale is the rate controlling step. 
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As the alloy Cr concentration increases so the Cr content of 
the inner scale increases at the expense of Fe. Also the thickness of 
the inner scale increases relative to the outer. Both these effects, 
of increased alloy Cr content, result in reduced cation mobilities 
and hence reduced sulphidation rates (figure 6). 
For alloy composi tioru between 2 and 40% Cr a porous layer may 
develop next to the alloy. This arises from dis-sociation of the 
former inner scale when full contact between alloy and scale is lost. 
The sUlphur liberated attacks the alloy, and the liberated cations 
diffuse outwards causing porosity. Normally plastic deformation of 
scales inwards ensures scale/alloy contact is maintained. This cannot 
occur at corners due to the geometry. Therefore porosity is more 
common at the corners of a specimen than on the flat sides. If plastic 
deformation of scales inwards is occurring, a different scale morpho-
logy is expected at corners. 
Additions of 0.2% Si to Ni-Cr and 4% Al to Fe-25 er alloys 
(Mrowec, 1980), prevents plastic deformation of the scales inwards. 
Therefore loss of contact causes scale dis-sociation. The outer scales 
still grow by outward cation diffusion. The inner scale forms by 
inward sulphur diffusion through dissociative microcracks, formed 
along grain boundaries of the outer scales. This is confirmed by auto-
radiographic studies. Inner porous sclaes are observed more frequently 
in sulphidation studies than oxidation studies, due to the higher dis-
sociation pressures of metal sulphides. 
2.3.3 Comparison of sulphidation and oxidation 
The higher corrosion rate of.sulphidation compared to oxi-
dation is due to the formation of scales wi th a higher defect coneen.tr.a-
tion. This is apparent from the greater deviations from stoichiometry 
of sulphide scales relative to oxides (Mrowec,1980). The departure 
from stoichiometry is generally denoted by 'x'. The higher defect 
concentration of sulphides is due to the lower thermodynamic stability 
of sulphides compared to oxides, as seen in the plot of Gibbs free 
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energies (figure 7). The defect concentration of both metal 
sulphides and metal oxides, with few exceptions is inversely propor-
tional to the negative of the Gibbs free energy (Mrowec,197J). Thus 
defect concentration, CD' is related to Gibbs free energy, 6G, via 
the expression 
-k 
= 6G 
where k is a constant. The less thermodynamically stable a compound 
is the less energy is required to remove a cation from its lattice 
point and leave a vacancy. Thus sulphide scales have a cation diffusion 
rate several times greater than oxides. AB ou tward cation diffusion 
in the scale is the rate controlling step sulphidation rates are 
several orders of magnitude larger than oxidation rates. The corrosion 
rate of Fe-20Cr., at 900G C, in 1 atmosphere of sulphur is 1.8 x 10- 6 g 
cm- 2S- 1 compared to 1.7 x 10-12g cm- 2S- 1 in 1 atmosphere of oxygen 
(Mrowec, 1980). 
Disruption of scales due to molten compound formation is more 
likely during sulphidation than oxidation due to low melting metal/ 
metal sulphide eutectics. The Fe/FeS eutectic melts at 985°C and the 
Ni/Ni3S2eutectic melts at 645°C. If a eutectic forms at a temperature 
above its melting pOint scale failure may occur resulting in a rapid 
acceleration of corrosion. 
For protective scale formation much higher alloy Cr concentrations 
are required in sUlphidising environments than in oxidising environments. 
This is because differences in the free energies of metal sulphides are 
smaller than those of metal oxides. Therefore a higher concentration of 
er relative to Fe is re.<lui~ed to ensure a .. Cr. rich inner .. layer-forms. 
AB scaling rates are higher in sUlphidation a much greater supply of Cr 
from the alloy is required. To maintain a high Cr flux, a higher alloy 
Cr concentration is required to maintain a larger concentration gradient. 
2.3.4 Sulphidation of AlSl 310 
Rao et al.{1971 and 1978) have sulphidised commercial AlSl 310 
-9 - 3 in SUlphur partial pressures ranging from 1.5 x 10 to 9 x 10 atm. and 
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at temperatures of 637 to l012°C. Scales are found to be multilayered 
and porous. Porosity is mainly at the interfaces between individual 
scale layers. Part of the porosity arises from artifacts being 
removed during polishing. Scales always became detached at corners. 
Concentration profiles across scales and alloy were determined using 
EPMA and spot analyses. No definite trend in alloy depletion can be 
established due to the presence of sulphide precipitates which causes 
erratic behaviour of the concentration profiles. 
Three distinctive scale layers are observed. Below 792°C the 
ou ter layer consis ts primarily of Fe S containing some Ni sulphide .. 
I-X 
The maximum Cr content of the outer layer is 4 wt.%. Lamellae of 
pentlandite (Fr,_sNi,.s Se) are observed in the outer layers of 
specimens allowed to cool slowly. This was not observed in quenched 
samples. Below 872°C the middle layer consis ts of (Fe, Cr) Sand 
I-X 
Fe Cr2S,spinel. The actual composition measured by EPMA is different 
from the spinel composition. At lower temperatures Ni is present in 
small quanti ties. The inner subscale consists mainly of 
spinel and Cr sulphide precipitates in the metal matrix. 
Fe (Fe Cr)S 2-x x 1+ 
The Cr 
suplhides are of composition Cr2S3 and CrSS6. CrSS6 sulphides exist 
mainly at the interface of the subscale/unreacted alloy interface. 
These internal precipitates contain negligible Ni. The metal matrix 
of this subscale is rich in Fe and Ni and of composition 46Ni - 40Fe -
8Cr - 6S. The inner subscale is adherent to the alloy. Rao et al. 
(1971) suggests the dispersed sulphide phase in the inner subscale of 
the alloy reduces the cross-sectional area for outward cation diffusion, 
thus reducing the corrosion rate. 
At 192°C and a sulphur partial pressure 6f 4 X lO-i+-atm . con;.. 
tinuous sublayers exist within the inner subscale. For sulphur partial 
-s pressures less than 1.8 X 10 atm. the spinel and Cr sulphides are 
randomly distributed. At low temperatures and high sulphur partial 
pressure the sulphides are abundant and the penetration depth is small. 
At high temperatures and low sUlphur partial pressure they are finely 
dispersed and exist to a greater depth. 
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Tbe, growth pattern of the scales and Pt marker experiments 
suggest that outward diffusion of cations controls the growth of the 
outer two layers. The corrosion rate, as measured by mass gain, 
increases linearly with increasing Fe:Cr ratio of the middle scale, 
-7 _9 
at Ps 
2 
of 1.4 x 10 and 1.5 x 10 atm. This indicates diffusion 
through the middle scale is the rate controlling step. The rate of 
outward cation diffusion decreases with increasing Cr content, relative 
to Fe, of the middle scale. This rate controlling step leads to the 
parabolic rate being observed after an ini tial tranaient period. 
The inner subscale forms, due to dissociation of the middle 
layer, at the scale-metal interface. Tbe sUlphur released diffuses', 
inwards to form spinel and Cr sulphides depleting the matrix of Cr. 
Inward diffusion of S through scale fissures is negligible. This dis-
sociative mechanism of inner scale growth was first proposed by 
Drawnieks (1948). 
The gradient of plots of (weight gain)2 versus time, increases 
with time at 660 and 749°C for 1.4 x 10- 7 atm. and at 792°C for several 
sulphur partial pressures. At 792°C Rao (1971) explains this increase 
in parabolic rate constant due to growth of the Fe sulphide outer layer 
commencing when the solubility of Fe S in the middle Fe Cr2S4spinel 
layer is exceeded. 
For a sulphur partial pressure of' 1.4 x 10- 7 atm. the activation 
-, ° energy for sulphidation is found to be 125 kJ mol I below 872 C. At 
1.5 x 10- 9 atm. reaction rates are lowest and decrease with increasing 
° temperature. At 792 C the dependence of the parabolic rate constant, kp' 
on sulphur partial pressure, P S 2' is 'givefiby 
= constant x 
Tbis implies the effect of sulphur partial pressure on corrosion rates 
is small. 
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2.3.5 Sulphidation of ferritic Fe-Cr alloys 
11. 
Narita et al. (1984j have sulphidised a pure Fe-26.6 at.% 
D of 10-11 Cr alloy at 700, 800 and 900 C, in sulphur partial pressures 
to 0.1 atmospheres. Mass gains were measured for times of up to 15 hours. 
Different pretreatments, including abrasion, electropolishing and pre-
oxidation does not influence subsequent sulphidation behaviour. 
Electron probe micro-analysis is used to determine concentration pro-
files across scales and alloy. Alloy depletion is observed in the 
internal sulphidation zone and beyond. 
At 700°C for sulphur partial pressures (P s2 ) greater than 10~7 
atm. a triplex scale forms. The outer layer consists of large columnar 
grains 
consis t 
of (Fe Cr)S . 
x 
The two inner layers are relatively thin and 
of small equiaxed grains . The middle layer is (Cr Fe)3S. 
spinel. The inner layer is (Cr 
atm., a duplex scale forms with 
Fe)S. At 700°C, for 10-'>0 .. 10- 10 x r 82 
an outer (Fe Cr)S layer and an inner 
x 
(Cr Fe)Sx layer. At 700°C, for PS2<10·'llatm., Single phase (Cr Fe)Sx 
forms. An iron rich outer scale does not form as the dissociation 
pressure of Fe S is 3.2 x 10-ll atm ., at 700°C. 
Marker experiments show that the sulphide layers grow pre-
dominantly by outward metal diffusion through the scales. The exception 
is the innermost porous layer of (Cr Fe)S , formed with triplex scales, 
x 
which requires sulphur ingress possibly through cracks and pores. This 
sulphur is produced by dissociation of sulphide at the inner surface 
of the outer layer. Outward metal diffusion in the scales is considered 
to be the rate controlling step. This leads to parabolic kinetics 
-being -observed after an ini tial transient period. An- exception to -this 
is at low SUlphur pressures, where (Cr Fe)Sx is the only scale to form. 
In this latter case ou tward diffusion of Cr in the alloy is rate con-
trolling, as iron is virtually noble. 
-7 For Psi ,< 10 atm sulphidation rates decrease with increasing 
temperature. Nari ta et a1. assign this to the increase in dissociation 
pressure, of the sulphide in contact with the alloy, with increasing 
tempera ture. 
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For constant external Po s this decreases the sulphur 2 
activi ty across the scale and hence decreases the sulphidation rate, 
providing the cation diffusion rates do not increase rapidly with 
temperature. At very low sulphur partial pressures, Cr diffusion in 
the alloy is rate controlling and so sulphidation rates increase 
with temperature. 
Internal sulphidation by inward migration of sulphur occurs 
when (Cr Fe)Sx scales develop. The internal precipitates are confined 
to grain"boundaries at 700 and BOOoC. At 900°C they occur throughout 
the grain matrix. At 900°C measured Cr depletion is sufficient for 
the ferrite to austenite transformation to occur. This could explain 
why sulphide precipitation at 900°C is similar to that observed in 
AlSl 310 by Rao et al. (197B). This implies in ferritic structures 
sulphide precipitates are confined to grain boundaries, whereas in 
austeni tic steels they are randomly distributed throughout the grains. 
Narita et al. (1973) measured metal loss and scale thickness 
for a range of Fe-Cr alloys sulphidised at 700 to 900°C in 1 atm. of 
sulphur. 3 scale layers are observed. At 900°C the porous inner layer 
forms at a similar rate to the decrease in substrate thickness. The 
scales do not deform plastically inwards. The growth of each layer 
follows the parabolic rate law implying growth of each individual layer 
is controlled by diffusion of atoms in that layer. The corrosion 
mechanism, similar to that proposed by Drawnieks(194B), is illustrated 
in figure B. The outer scale grows by outward diffusion of Fe which 
reacts wi th S at the scale/gas interface to form FeS: 
- - -- - -- ---~- ---- --
2 Fe + s.. ..... 2 Fe S - -- - - -- - - . - - - - - - (1) 
The intermediate layer grows by outward diffusing Cr reacting with FeS 
at the intermediate/outer scale interface according to 
4 FeS + 3 Cr -.= Cr3 S4 + 4 Fe ( 2) 
The Fe atoms prodUCed diffuse ou twards to react wi th S as in (1). 
Narita et al. assume S diffusion in the intermediate layer is negligible. 
The inner part of the intermediate layer dissociates releasing S and Cr, 
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and causing porosity. The Cr diffuses outwards to react as in (2). 
There is an inward flow of vacancies and outward flow of cations. 
s,. appears to migrate inwards, as a gas through pores, to react wi th 
metal forming the inner scale. Fe and Cr migrate by surface diffusion 
and lattice diffusion. er depletion and Fe enrichment are measured 
to a depth of 40 microns in the unreacted alloy of Fe-35 er af ter 53 
hours at 900 't:. 
2.3.6 Inward Scale and Outward Scale Growth 
Drawnieks (1948) proposes a scale growth mechanism in which 
the scales grow outwards and inwards simultaneously. This applies to 
the case where plastic deformation of the scale inwards does not occur. 
In this case if scale growth occurred only by outward diffusion of 
metal ions, voids would occur at the scale/metal interface. For scale 
growth to continue contact must be maintained between scale and metal 
so that ion transfer can proceed. As the scale cannot deform plastically 
inwards, growth of the scale inwards must occur to prevent any gap 
forming. 
The inward growing scale forms within the plane of the initial 
metal surface, whereas the outward growing scale remains outside this 
plane. Gas for inner scale growth can come from 3 sources. The 
oxidising species can diffuse inwards through the solid scale. It can 
diffuse along cracks in the scale. The outward growing scale can 
dissociate liberating metal ions which diffuse outwards and oxidising 
species which diffuse inwards and react with the substrate. The partial 
pressure of the oxidant is much lower where inward scale growth occurs 
compared to the outer surface of the outward growi~g scale. Therefore 
it is expected that the inward and outward growing scales will have 
different morphologies. The inward growing scale will be porous where-
as the outer scale will be relatively compact due to the different 
partial pressures of oxidant. 
2.3.7 Suitability of Laboratory Studies to Industrial Needs. 
Most studies on corrosion mechanisms have been done for 
relatively short periods of time compared to life expectations of 
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industrial plant (table 1). I t is common to me as ure mass gain 
and not metal loss as required for Indus trial considerations. 
Generally laboratory studies conclude parabolic kinetics occur, due 
to outward cation diffusion in the scales being the rate controlling 
step. However, in industrial plant thermal cycling is common 
causing spalling of protective scales and resulting in corrosion rates 
grea ter than that expected from parabolic kinetics. Corrosion rate 
is determined by the frequency of spalling as well as outward cation 
diffusion in the protective scale. Thus the corrosion mechanism in lab-
oratory studies and that in an industrial environment can differ. 
2.4 Derivation of Diffusion Data 
2.4.1 Types of Diffusion Data 
To analyse alloy depletion during corrosion the alloy chemical 
diffusion coefficient, D, is required. This is also called the 
inter-diffusion coefficient. It can be measured directly by studying 
diffusion across a diffusion couple. For a binary alloy, AB, this 
yields one diffusion coefficient for both elements. Each element has 
a specific self-diffusion coefficient, D'. Self-diffusion means the 
diffusion of atoms of the metal itself and not impurities. The chemical 
diffusion coefficient, D, and self-diffusion coefficients, O'A and D'B' 
are related by the following expression (Darken,1948): 
, , 
tI = DA NB + D B NA (1) 
where NA = mole fraction of A 
NB = mole fraction of B 
As the self-diffusion coefficient of each element is different, 
the rates of element transfer across a diffusion couple will differ. 
If the diffusion couple interface, also known as the Matano interface, 
is marked the markers will be seen to move wi th a veloci ty \i • The 
velocity, \i , of the interface is related to the self-diffusion coeffi-
cl ents, D ~ and D'B' by: 
\i = (D' A D' ) B ( 2) 
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The most common method for deriving diffusion data is the 
use of radioactive isotopes of the diffusant. This method gives 
* the tracer diffusion coefficient, D A' for the inward diffusing species 
* A. The tracer diffusion coefficient D'-A' is related to the se1f-
, 
diffusive coefficient, D A' of A by the expression: 
D'A = D\ [1 + a InY A 1 
e In NA 
( 3) 
where YA = activity of A at concentration NA. 
The chemical diffusion coefficient, D, is related to the tracer diffusion 
* coefficients, D*A and DB, by the expression (Darken, 1948): 
'V 
D = * (D A NB + D* B NA ) [ 1 + eIn Y A ] 
eIn NA 
(4 ) 
The diffusion coefficients in the corrosion analyses (section 2.2) 
refer to volume diffusion. At temperatures below approximately 600°C 
(Shewmon, 1963) , enhanced diffusion along dislocations, -free surfaces 
and grain boundaries is more important than volume diffusion. The 
precise temperature at which this transition occurs depends on the micro-
structure of the material. For example, grain boundary diffusion is 
more important in fine grained materials. Enhanced diffusion is only 
important at low temperatures due to its low activation energy compared 
to volume diffusion. At high temperatures (> 900°C) it cannot be detected 
since the volume of enhanced zone is a small fraction of the total 
material volume. Therefore diffusion data cannot be extrapolated from 
high temperatures to lOwer temperatures due to the change in the 
dominant diffusion mechanism. 
T~ understand the. influence_ of_alloy_ diffusion--on -corrosion- at 
low temperatures, there is a requirement to obtain diffusion coefficients 
at these temperatures. Diffusion coefficients can be determined by 
radioactive tracer techniques, diffusion couple or theoretical modelling. 
2.4.2 Tracer Methods 
The most common method for the determination of diffusion 
coefficients is by observing the penetration of a radioactive isotope 
-- ---- ------
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into the subs trate. The surface of the alloy is normally polished and 
etched to removed strained material. Annealing at high temperature 
is done to remove surface deformation. Surface deformation can result 
in enhanced diffusion due to a high concentration of defects. An 
isotope of the diffusant is deposi ted onto the prepared alloy surface 
to a thickness of approximately 0.1 microns. After a suitable anneal, 
diffusion profiles of the isotope are determined by grinding away 
successive layers and measuring the radioactivi ty of the grindings 
as a function of depth. 
To study volume diffusion coarse grained materials are used to 
ensure grain boundary diffusion is insignificant. The solution to Fick's 
2nd law for a thin plane layer entering a semi-infinite substrate is 
(Shewman ,1963) : 
c = exp [- (1) 
where c = concentration of diffusant at distance x 
after time t 
D*A = tracer diffusion coefficient of A in alloy 
Cl = quanti ty of A per uni t area deposi ted on 
surface ini tially 
If only volume diffusion is occurring, a plot of In C/x2 should 
give a straight line, from whose gradient the volume tracer diffusion 
* coefficient, D A ,can be calculated. The activation energy, QL ' of 
volume diffusion is calculated from the gradient of an Arrhenius plot 
obeying the equation: 
( 2) 
At low temperatures the gradient of the Arrhenius plot may 
decrease implying a decrease in activation energy due to enhanced 
diffusion, probably along grain boundaries. Plots of concentration as 
a function of distance can exhibit different regions. Near to the 
alloy surface volume diffusion is dominant, whereas grain boundary 
diffusion can dominate regions deep within the alloy. 
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To study grain boundary diffusion fine grain materials are 
used due to tbe higher densi ty of high diffusivi ty paths. Activity 
profiles can be analysed using Fisher's solution (1951) for grain 
boundary diffusion. A plot of InC versus x should give a straight 
line with tbe gradient given by: 
where DB = grain boundary diffusion coefficient 
6 = grain boundary width 
DL = volume diffusion coefficient 
( 3) 
As tbe grain boundary width is not precisely known the 
product 6DB is determined from a plot of In C/x. It is at present 
tbought tbat tbe grain boundary is only a few atomic lattice parameters 
wide. The grain boundary diffusion activation energy can be calculated 
from an Arrhenius plot. 
An improvement on grinding is to utilise radiofrequency 
sputtering to remove layers of tbe diffused material. Using this tech-
nique Perkins et al. (1973) are able to analyse diffusion zones as 
narrow as 0.17 microns by removing section thicknesses as thin as 
0.015 microns. This enables diffusion coefficients of the order of 
10- 18 cm 2 sec- I to be determined. 
Tracer techniques give a constant diffusion coefficient, 
independent of composi tion. This should be contras ted to the chemical 
diffusion coefficient which varies witb composition. 
2.4.3 Diffusion Couples 
The chemical-diffusion coefficient can be determined directly 
by measuring the concentration profile across a diffusion couple. The 
Matano-Boltzmann. analysis can be applied to determine the diffusion 
coefficient as a function of concentration. For stainless steels this 
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method has been employed by Ericsson (1970 ) and Alberry (1974) to 
determine diffusion data. 
1 Ericsson (1970 ) cold pressed together aus teni tic specimens, 
of different composition, to get good metallic contact and held them 
in place with a stainless steel screw. He assumes that any deformation 
from the clamping pressure is negligible if the annealing time and hence 
diffusion distances are sufficiently large. Prior to joining, the 
alloy contact surfaces are gound to 600 gri t paper finish. After anneal-
ing concentration profiles are determined using electron probe micro-
analysis, taking spot analyses at 2 micron intervals. The diffusion 
zones measured are of 70 to 200 micron width. Chemical diffusion 
coefficients are calculated using the Matano-Bol tzmann analysis at the 
center of the profile and the Hall analysis (Adda, 1966) at the tails. 
Boltzmann derived the following expression for the diffusion coefficient, 
D(c), as a function·,of concentration: 
D(e) = 1 
2t 
dx 
dc f c x dc Co 
where c = concentration at distance x after time t 
co= initial concentration of diffusant on 
diffusant rich side of couple. 
Calculated coefficients increase markedly with increasing nickel con-
tent and increase only slightly with chromium to a maximum at 20 wt.% 
chromium. 
Alberry (1974)joined high purity alloys to high purity iron by 
resistance welding in an atmosphere of flowing argon. The surfaces were 
prepared by grinding to 600 papergri t finish .. Specime,ns had a grain 
size of 400 microns ensuring volume diffusion was dominant. Concentration 
profiles were determined using electron probe micro-analysis. Non heat-
treated controls have profiles of less than 5 microns width. Diffusion 
profiles are at least 50 microns wide and therefore no correction for 
initial diffusion is required. Chemical diffusion'coefficients are 
found to be independent of diffusant concentration. As the diffusion 
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coefficient is constant, the following solution (Jost, 1960) to 
Fick's 2nd law can be used: 
where C (x, t) 
= ! (1 - erf(~' ) 2/DfJ 
= diffusant concentration at distance x 
after time t 
= initial concentration on side 1 
= initial concentration on side 2 
The left hand side can be determined experimentally and therefore the' 
chemical diffusion coefficient can be calculated. 
Using the Matano-Boltzmann analysis, Ericsson (19701) is able 
to measure·the variation of chemical diffusion coefficient with com-
position. The error function solution to Fick's 2nd law, used by 
Alberry (1974), allows only a constant chemical diffusion coefficient 
to be calculated. 
2.4.4 Analysis of Diffusion Couples 
Diffusion in solids is described by Fick's 1st law of diffusion 
which gives the flux, J, of material passing through unit area per 
uni t time: 
J = -D ae ax ( 1) 
e is the diffusant concentration at coordinate x. If the diffusion 
coefficient,. D, is assumed to be constant Fick's 2nd law, giving the 
rate of change of concentration, can be derived from (1): 
ae 
at = ( 2) 
In this study two types of diffusion system are encountered. In one 
system the same phase exists on both sides of the couple interface and 
the Matano-Boltzmann treatment can be applied. In the second system two 
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metallic phases occur on either side of the interface requiring a 
different treatment. In both instances the system is assumed to be 
infini te on both sides of the interface. For this to be applicable 
there must be a point on both sides of the couple where no change in 
diffusant concentration has occurred. 
2.4.4.1 Matano-Boltzmann Analysis 
This analysis is applicable to single phase systems where the 
diffusion coefficient is dependent on the diffusant concentration. 
Fick's 2nd l~w.(equation (2) ) assumes a constant diffusion coefficient. 
For a variable diffusion coefficient, D(C), the rate of change of 
concentration, derived from (1) is: 
dC 
= l... ( D(C) dC) dt dx dX ( 3) 
which gives: 
dC D(C) d
2C dD(C) ( dC t = + 
at dx2 de dX 
( 4) 
The initial conditions, shown in figure 9, are: 
C = Co for x < 0 and t = 0 
C = Ca for x > 0 and t = 0 
From equation (4), for the above initial condi tions. Boltzmann obtained 
the following expression for the diffusion coefficient D(C) asa 
function of concentration C: 
2t dC 
i' d"--·C J 0 - ~ -d~ - - -
- - - (5) D(C) = 
A schematic of this diffusion system is shown in figure 10. The 
plane x = 0 is defined by: 
x dC = 0 
-------------------
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2.4.4.2 Diffusion in Two Phase System with Moving Interface 
In this system diffusion f'rom phase 11 into phase I causes the 
stabilisation of phase 11, where phase I previously existed. This 
results in the displacement of the interface between the two phases. 
The initial conditions, shown in figure 11, are: 
C = Co for x < 0 and t = 0 
C = Ca for x> 0 and t = 0 
The di.ffusion system is shown in figure 12. t; is the displacement of 
the interface after time t. The discontinuity at x = t; is due to the 
different equilibrium concentrations of the diffusant in phases I and 11. 
To analyse this problem the diffusion coefficients, DI and DI1 , 
are assumed to be constant for phases 1 and 11 respectively. For 
phase 11 Fick's 2nd law gives: 
aC 
at 
= for x < t; ( 5) 
A particular integral of equation (5) is given by Jost, p.73: 
C = {l + erf( x ,)} 
2/DII t 
(6) 
for x < t; 
where B is an integration constant. 
For an experimentally determined concentration profile,B can be 
calculated,from the diffusant concentration at x = 0, using equation (6): 
B = Co - C (7) 
Let e x = ( 8) 
2/DII t' 
By substituting (8) in (6) and rearranging, the following expression 
is ob tained: 
erf e (9) 
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The right hand side of equation (9) can be calculated from 
the experimental results. Thus for a given value of concentration C, 
and hence distance x, the corresponding value of e can be determined 
from error function tables. From equation (8) a plot of e as a 
function of x should give a straight line, passing through the origin, 
from whose gradient the diffusion coefficient can be calculated. 
As the phase interface is displaced during annealing its 
initial location must be determined to enable the correct value of x 
to be evaluated. Assuming no.Kirkendall voids form, during heat treat-
ment, this can be determined using the condi tion: 
x d c = 0 (10) 
2.4.5 Theoretical Modelling of Grain Boundary Diffus ion 
Models of grain boundaries and diffusion along them can be 
simulated theoretically with the aid of computers. By comparing the 
results with experimental data the present understanding of grain 
boundary core structures and diffusion along them can be tested. The 
work of Ballufi (1982) is summarised in this sectioD. A model of the 
grain boundary is firs t cons tructed by consideri ng the interaction of 
atoms and adjusting their positions so as to minimise the potential 
energy of the system. The motion of a vacancy in the grain boundary 
is then studied using a molecular dynamic model. 
·2.4.5.1 Modelling the Grain Boundary 
The grain boundary structure is initially determined using a 
molecular statics model. The 'statics' refers to zero degrees kelvin 
at which temperature there is no kinetic energy. A computer model of 
a bicrystal, with a certain misorientation between two periodic lattices 
is allowed to relax to a configuration of minimum energy. With the 
atoms interacting via a pairwise central force potential the computer 
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will adjust the positions of core atoms to minimise the potential energy. 
The two lattices may translate with respect to each other in the 
process. This technique is capable of producing reasonably realistic 
models of the atomistic core structures of grain boundaries in simple 
models. These models feature cores with a thickness of no more than 
a few atom distances and an atom density only slightly less than the 
perfect crystal. 
Molecular dynamics has also been used to determine grain boundary 
core structures. In this instance temperatures above absolute zero are 
permitted and the atoms vibrat~having kinetic energy, K.E., as well 
as potential energy, P.E .• At'well below the metal melting point 
molecular dynamics produces grain boundary core structures similar to 
those obtained with a statics model. 
Use of molecular statics has shown that vacancies and inter-
stitials exist as bona fide defects, at grain boundary Sites, in the 
form of missing or extra atoms respectively. The binding energy of a 
vacancy to the core is found to be attractive, having values of -1.9, 
-40, -8.7 and -17 kJ/mol, depending on the exact site, for a given grain 
boundary type in b.c.c. iron. These values should be compared to a 
lattice vacancy formation energy of 130 kJ/mol. 
Experimental results support grain boundary models obtained using 
molecular dynamics and statics. 
2.4.5.2 Model for Atom Jumping in Grain Boundary 
Experimental evidence supports the view that a defect mechanism 
is responsible for grain boundary diffusion. 
Vacancy migration in a specific b.c.c. iron grain boundary is 
studied by introducing a vacancy into a molecular dynamic model. By 
observing its path the effective jump frequency and the effective 
migration energy, ~bm (v), of the vacancy are determined. The symbol ,~, 
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denotes effective. Effective values are required, as there are a 
variety of different grain boundary sites and therefore a weighted 
average must be determined for any calculated value. 
From the vacancy binding energies, calculated in the statics 
model, the effective vacancy concentration and hence the effective 
vacancy formation energy, 'f.bf (v), can be determined. 
From the values determined above the grain boundary self-
diffusion coefficient, Db(v) , can be calculated using the following 
expression: 
where Qb is the activation energy and is given by: 
'V 'Vrn 
The calculated values of Ebf (v)- and Eb (v) - are: 
'Vf Eb (v) ~ 97 kJ/mol 
'f.bm(v) ~ 49 kJ/mol 
DbO (v) is the pre-exponential term and is given by: 
'V Y (\I). 
o 
gobf (V») 
K 
(1) 
( 2) 
( 3) 
The geometric factor, 
can occur in three dimensions 
1 gb' is of the order 3' Vacancy jumps 
lation factor, f b , should be 
squared jump distance in the 
in- the boundary and therefore th"e corre-
approximately o.s.?t:- is the effective 
boundary and is given by: 
( 4) 
'V 
where a is the lattice parameter. y (v) is the product of the effective 
o 0 
co-ordination number and the effective attempt frequency, and is assigned 
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-I 
a value 4.85 x 10 13 s 'Of Sb (v) is the entropy of vacancy formation 
in the boundary and is given the value: 
= 2 (5) 
K 
Using the above values the grain boundary self-diffusion coefficient 
for a specific boundary in b.c.c. iron is thus found to be: 
-6 ( -146) 2 -I 
= 3.6 x 10 exp - m s 
RT 
(6) 
The calculated diffusion coefficient is found to agree with previously 
measured results to within an order of magnitude. 
2.4.6 Comparison of Relevant Diffusion Data 
Chromium volume diffusion data for austenitic and ferritic 
steels are tabulated in tables 2 and 3 respectively. For stainless 
steels, only two studies have measured chemical diffusion coefficients 
1 from diffusion couples, that is Ericsson (1970 ) and Alberry (1974). 
All the other coefficients are tracer diffusion coefficients measured 
by radiotracer techniques. The activation e,nergy _ for volume diffusion in aus t-
enite.varies from 240 t0309~:jrilOl-.1 The activation energies determined by 
Darvula (1979) of 283 and 296 kJ mol- I are calculated from only three 
temperatures. Rothman (1980) determined activation energies of 303 
and 309 kJ mol-I, by diffusing Fe, Ni and Cr isotopes into the sub-
s trate simul taneously. If the activation energies of Darvula and 
Rothman are excluded the range of activation energies is 240 to 264 
k~mol~i for volume diffusion. The _~ctiva-t..~on energies for ferri tic 
Fe-Cr alloys are plotted as a function of chromium concentration in 
figure 13. It is seen that the activation energy decreases with increaSing 
chromium content, up to 25 wt.% chromium. For chromium concentrations 
in the range 16 to 20 wt.% the activation energy of volume diffusion in 
ferri tic steels is significantly lower than that for BUsteni tic steels. 
can be 
The chemical diffusion coefficient, ~AB' for a binary alloy AB, 
related to the tracer diffusion coefficients (Darken,1948) by the 
---- ----- ---
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expression: 
( 1) 
* where D = tracer diffusion coefficient of A in AB 
A 
* D· = tracer diffusion coefficient of B in AB B 
= mole fraction of A in AB 
= mo'le fraction of B in AB 
YA = activi ty coefficient of A 
This relation has been applied to the Fe-Cr austenitic systenr,by 
Alberry (1978). For a dilute solution of er in Fe, Ncr« NFe and 
N ~ I, so that equation (1) becomes: Fe 
D*Cr [ 1 
a In ycr] 11 = + ( 2) FeCr a In NCr 
Alberry uses a value of 
d In Y Cr 
= 0.08 
d In NCr 
Therefore the chemical diffusion and tracer diffusion coefficients 
for chromium in austenite are related by: 
'" D = FeCr 1.08 * D Cr 
However·, Alberry shows that at 13000 C the chemical diffusion 
coefficient is one order of- magni tude less than the. tracer diffusion 
coefficient for aus teni te. No explanation exis ts for this discrepancy 
between Darken's relationship and the experimental results for chemical 
and tracer diffusion in austeni te. Therefore care must be taken in 
transforming tracer diffusion coefficients into chemical diffusion 
coefficients. 
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Diffusion data in tables 2 and 3 are plotted on the Arrhenius 
plot, figure 14. There is good agreement between the tracer and 
chemical diffusion coefficients for ferritic steels. The data for 
austenitic steels falls into a wider band. This variation in 
austeni tic data could arise from the different material composi tions 
and microstructures used. 
Grain boundary diffusion data for both austenitic and ferritic 
alloys are given in table 4. Values quoted are for DgbO, where Dgb is 
the grain boundary diffusion coefficient and 6 is the grain 
boundary wid th. The effective grain boundary width is thought to be 
approximately 2 atomic spacings (Peterson, 1983). Peterson suggests 
using a value of 0.5 nm for 6. All the experimental values are deter-
mined using radiotracer techniques and will be a weighted average of 
all types of grain boundary in the material. Balluffi (1982) determined 
the grain boundary diffusion coefficient, Dgb , for a specific type of 
grain boundary in ferritic iron. Values of Dgb6 from table 4 are 
plotted on the Arrhenius plot, figure 15. BaDuffi's result is plotted 
using 6= 0.5nm. The spread in resul ts is wider than for volume 
diffusion data. This is probably due to the grain boundary diffusivi ty 
being highly dependent on precipi tates at the grain boundaries, which 
will vary between materials. Balluffi' s theoretical result agrees wi th 
the experimental data, proving theoretical modelling is a realistic 
alternative to experimentation. 
The grain boundary activation energies range from 146 to 191 
k.J mol- 1 and are much lower than those for volume diffusion. Thus 
grain boundary diffusion coefficients decrease less rapidly with 
temperature than volume diffusion coefficients. It can be seen no 
distinction can be made between the grain boundary activation energies 
of aus teni tic and ferri tic steels. This similarity in energies implies 
the diffusion mechanism and grain boundary structure are similar for 
both phases. James (1965) evaluates the ratios of volume diffusion (Dv) 
and grain boundary diffusion (Dgb ) for ferri tic ("') and austenitic (Y) 
iron, at the "'- Y transformation, to be: 
Dv ('" ) Dgb 
6 ("') 
= 110 and = 7 
Dy(Y) Dgb 6(y) 
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The difference in ratios can be explained by the grain boundaries 
having a structure relatively iiildependent of the matrix structure. 
Hwang (1978) discusses how the. activation energy of grain 
boundary diffusion can depend on temperature. Grain boundary diffusion 
involves several different jumps with various associated activation 
energies. The observed diffusion is a weighted average of these jumps. 
As temperature decreases, the less numerous jump paths wi th lower 
activation energies become more dominant. Therefore the average 
activation energy decreases with temperature. Thus the region of an 
Arrhenius plot where enhanced diffusion is dominant could curve upwards. 
This makes the extrapolation of enhanced diffusion data to other 
temperatures difficult. Therefore there is a need to obtain grain 
boundary diffusion data at the temperature required, if possible. 
To analyse alloy depletion during corrosion chemical diffusion 
coefficients for the corroded materials are required. In this work 
these have been determined directly by measuring diffusion across 
couples, the one side of which consis ted of the same steel as used in 
the corrosion tests. 
2.5 Relation between Theoretical and Experimental Depletion 
2 In a second paper by Whi ttle et al. (1967 ), depletion profiles 
for Fe - 27Cr, 37Cr and 60Cr alloys are measured experimentally using 
electron probe microanalysis (EPMA) after formation of Cr'O rich 
2 3 
scales at 800 to 1200oC. Wi thin the Umi ts of experimental errors 
these experimental profiles agreed with those predicted by finite 
difference analysis. Confirmation of the variable concentration of 
the more-easily oxidisable element at the alloy/oxtdeinterface is 
difficult experimentally due to the finite size of the irradiated 
volume during EPMA. 
Wulf et al. (1969) oxidised Fe-Cr alloys in the composition range 
20 to 100% Cr at 977°C. They use a more exact finite difference model 
of the depletion zone. This uses a variable chemical diffusion coefficient, 
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dependent upon the alloy composition. Instead of Cr concentration 
er activity is used, utilising available data from the literature. 
Available alloy chemical diffusion data limi ts the accuracy of 
predicted depletion profiles. Wi thin the limi ts of the available 
diffusion data, agreement between the calculated and observed oxidation 
behaviour is good. 
Hodgkeis et al. (197B) oxidised Ni-Cr alloys at BOO to l200oC, 
and found good agreement between experimental measurements and depletion 
profiles predicted by both Wagner's analytical and Whittle et aI's 
finite difference methods. Bastow et al. (197B) oxidised Fe-27 Cr 
at 10000C and found satisfactory agreement between Wagner's analytical 
method and the experimental results. 
From experimentally determined alloy depletion zones, alloy 
chemical diffusion coefficients can be calculated by using the express-
ions for predicting profiles theoretically. Ericsson (1970 2) oxidises 
austenitic steels at BOOoC in steam. From the measured depletion zones 
and using Wagner's analysis the alloy chemical diffusion coefficients 
are determined at BOOoC. Grinding of the alloy surface is found to 
cause a significant increase in chemical diffusion coefficient to a 
depth of at least 12 microns. Grinding must create high diffusivity 
paths in the alloy surface. Whittle et aI. (196B) uses lVagner's 
analytical solution to derive chemical diffusion coefficients at BOO 
to l2000 C for Fe-Cr alloys containing 22 to 68%Cr. During corrosion, 
depletion of the alloy surface occurs and the chemical diffusion 
coefficient for the depleted composition range is required. Thus chemical 
diffusion coefficients determined from depletion profiles are more 
relevant to oxidation studies than tracer diffusion coefficients. 
Vechkanov et al.(19B4) considers the importance of grain boundary 
diffusion, as well as volume diffusion, during alloy depletion. 
Austenitic Fe-16Cr - l5Ni - 3Mo is oxidised in N2 0,at 527 to l127°C. 
Using Fisher's analysis of grain boundary diffusion (section 2.4.2) the 
grain boundary diffusion coefficient, Db' at 670°C is found to be given 
by 
-17 -1 o ~ = 1.B x 10 cm s 
where 0 is the grain boundary width. This value agrees with published 
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• austenitic grain boundary diffusion data at 670 C, plotted in figure 
15. 
The methods discussed above all use electron probe micro-
analysis to determine depletion zones. This is suitable for measuring 
depletion zones obtained at 700·C and above, where depletion zones 
are greater than 10 microns. At lower temperatures improved spatial 
resolution is required to measure depletion zones. Seo et al. (1984) 
use Auger electron spectroscopy and argon ion beam sputtering to give 
better spatial resolution. Depletion zones of Ni-Cr alloys oxidised 
for 1 hour at 420 to 550·C are measured. Chemical diffusion coeffi-
., 
cients, D, are estimated from the width, 15 , of the depletion zones 
using the expression: 
15 2 = 
'\, 
2Dt 
Determined values of ); are 100 to 1000 times greater than those 
extrapolated from lattice diffusion data measured at higher temperature. 
The materials have a grain size of 100 microns which is twice as large 
as the diameter of the primary electron beam used for Auger analysis. 
This ensures grain boundary diffusion does not contribute to measured 
depletion profiles. It is suggested that enhanced lattice diffusion 
may occur due to the excess of vacancies arising from selective oxida-
tion of chromium. 
Pickering et al. (1967) discusses how vacancies can be injected 
into a binary alloy during electrolytic dissolution in aqueous media. 
Preferential anodic dissolution of the least noble metal creates 
vacancies at the alloy surface. These vacancies diffuse into the alloy 
where they are annihilated at dislocations, which act as vacancy sinks. 
The number of available vacancy sinks is reduced in the vicinity of the 
surface. Therefore subsequent excess vacancies may diffuse to greater 
distances before being annihilated. A build-up of an excess vacancy 
concentration at the surface region can enhance chemical diffusion. 
This excess vacancy enhancement of diffusion could occur during pre-
ferential corrosion of one element in an alloy. 
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Vacancy injection into metals during oxidation at high temp-
eratures has been observed experimentally. Smallman et al.(Dobson 
(1966), Fraser (1973) and Hutchings (1981) ) have observed growth of 
dislocation loops during the oxidation of metals using transmission 
electron microscopy. This is assigned to oxidation occurring by 
outward metal cation diffusion which results in vacancies being in-
jected into the underlying metal. Vale et al.(1977) uses X-ray 
topography, as opposed to T. E.M., to study the crys tal defect structure 
of heavi ly oxidised specimens. T. E .M. is limi ted to the ini tial 
periods of oxidation as thin foils must be used. Cox et a1.(1973) 
observe regular spaced lamellar voids parallel to the metal-oxide 
in terface during the oxidation of Fe-Cr alloys. They propose the 
voids form due to periodic condensation of vacancies which have been 
injected into the alloy by the oxidation process. Lamellar voids can 
reduce corrosion resistance due to scale/alloy separation, and thus 
vacancy injection can resul t in breakaway corrosion. 
Due to the lack of alloy diffusion at low temperatures most 
experimental studies of alloy depletion have been done for temperatures 
of 800°C and above. This is due to electron probe micro-analysis 
having a spatial resolution of 1 micron. However depletion profiles 
can be measured at lower temperatures by U'ltilising the improved spatial 
resolution of combined ion beam sputtering and Auger electron spectro-
scopy. This gives a spatial resolution of 2 nm (Wall, 1982), permitting. 
depletion profiles less than 10 nm to be measured.· 
2.6 Internal Corrosion 
2.6.1 Analysis of Internal Corrosion 
Internal oxidation is more common than internal sulphidation 
due to the higher solubility and diffusivity of oxygen in alloys. It 
can be prevented by increaSing the concentration of the least noble 
metal, er in Fe-Cr alloys, so that an external scale forms instead of 
internal oxidation occurring. This normally results in a reduced oxi-
dation rate of the alloy. Internal oxidation has been reviewed by 
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Rapp (1965) for di.lute alloys of the least noble metal. The mechanism 
of internal oxidation is equally applicable to internal sulphidation. 
Internal oxidation occurs by oxygen';dissolving in the base 
metal at its surface, and diffusing inwards. A t an advancing 
reaction front, it reacts with the outward diffusing least noble metal 
to form oxide. As soon as the solubility of the metal oxide in the 
matrix is exceeded oxide precipitates form. Internal oxidation can 
occur in the absence of or presence of an external scale. 
Internal oxidation in the absence of an external scale is 
normally studied at an oxygen partial pressure, such that the more 
noble metal oxide is unstable. Only oxides of the least noble metal 
can form. This simplifies the analysis of internal oxidation. It is 
assumed that internal precipitates do not affect the inward diffusion 
of sulphur. The extent of internal oxidation,s, is given by: 
s 2 = 2 N (s) Do t o ( 1) 
where Do = diffusivity of oxygen in the base metal 
No (s) = mole fraction of oxygen at the external 
surface. 
= mole fraction of B, the leas t nob le element, 
in the bulk alloy 
v = number of oxygen ions per B ion in the oxide 
BO 
v 
In practice internal oxidation occurs beneath a continuous external 
. scale.· If scale grow,th is,-parabolic, tho relation between the extent 
of internal oxidation and time is: 
where 
N (S)D 
o 0 
F 
1 ( 2) 
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F(u) 
, U 2 
= U U e erfc u 
'V 
f(u)- 1 for U >2 
NO(S) = oxygen mole fraction at scale/alloy interface 
I; = extent of internal oxidation as measured 
from the original surface 
X = displacement of alloy/scale interface 
By measuring the extent of internal oxidation, I; , as a 
function of time the solubility - diffusivity product, No(S) Do, for 
oxygen in the matrix can be determined. The solubility-diffusivity 
product is the permesbility of oxygen in the metal matrix. Exclusive 
internal oxidation, without external scale formation, gives a more 
re 11 ab le value of perme sb i 1i ty . 
Another form of internal corrosion is subscale formation. 
This is different from the classical case of internal oxidation in that 
the precipi tated oxide is the same phase as the external scale. The 
composition of the oxide precipitates varies with depth. To analyse 
subscale formation Whittle (1981) assumes the internal precipitates do 
not reduce the cross-sectional area of the alloy matrix through which 
the oxidant diffuses inwards. It is also assumed that enhanced 
diffusion along grain boundaries or along the interface between oxide 
particles and matrix is negligible. 
2.6.2 Relation between Theory and Experiment 
Whittle (1982) calculates permeability data, from internal 
oxidation of Ni-AI alloys, to be higher than values determined from 
- - _. -the-product of .. independently .. measured .. oxygen. solubilLty .and .diffusivi.ty. 
data. This·is attributed to enhanced diffusion of oxygen along the 
incoherent interface between the matrix and internal oxide precipi tates. 
Internal oxidation occurs to a greater extent when an external scale 
forms. Whi tUe sugges ts. tha t vacancies may be injected into the alloy 
and condense at the internal scale/metal interface. This would result 
in an increased effective width of the enhanced diffusion zone and explain 
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the greater depth of internal oxidation, due to increased inward 
oxygen diffusion. It is suggested vacancy injection may also help 
relieve stresses in the internal oxidation zone caused by the volume 
expansion due to internal precipitation. 
Stott (1984) observes significant deviations from classical 
behaviour during internal oxidation of dilute Ni based al·loys, in 
the temperature range 800 to 1100· C. This is assigned to enhanced 
oxygen diffusion along the incoherent interfaces of oxide precipitate 
and metal matrix. As oxygen diffusivi ties in the oxide phase are 
very low the oxygen flux through the oxide precipi tates is insig-
nificant. Stott presents models which show how the size, shape, 
orientation and distribution of internal oxide precipitates can 
influence the rate of internal oxidation. 
Narita (1983) associates internal grain boundary sulphidation 
of Fe-Cr alloys with an internal sulphide diffusion flux much greater 
than that of the surrounding alloy. 
and selective chromium sulphidation 
Enhanced grain boundary diffusion 
occurs. Reaction of sulphur 
with sulphide and carbide precipitates at grain boundaries accelerates 
internal sulphidation. Internal and surface sulphides consist of 
(Cr,Fe)Sx phase, containing small amounts of iron. It is suggested that 
voids aris ing due to ou tward Cr diffusion are fi Hed by Cr sulphides. 
2.6.3 Available Sulphur Solubility and Diffusivity Data 
In this study alloys are corroded in a sulphidising environment. 
Internal sulphidation is less common than internal oxidation due to 
the lower solubility and diffusivity of sUlphur in metals. However, both 
Rao (1978) and Nail ta "(1984)iobserve internal ·su1phidation during 
corrosion of AlSl 310 and Fe-27Cr alloys. From the rate of advance of 
internal su1phidation the permeability of sUlphur in the alloys can be 
calculated. By comparing the permeability determined from internal su1ph-
idation, with that calculated from independent measurements of sulphur 
solubility and diffusivity, the relation between theory and experiment 
can be tested. 
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The solubility of sulphur in pure ferritic iron, measured 
° by Ainslie (1960), for the temperature range 650 to 910 C is given 
by: 
910 -
solubility of sulphur = 7.85 x 103exf~:) wt.% 
where R is in kJ mol- 1 
In austenitic Fe-21Cr - 20Ni, for the temperature range 
° 1050 C, Bogulyubskiy (1979) gives the following expression for 
sulphur solubility, S, 
- 8400 
= -- + 4.82% 
T 
Published sulphur volume diffusion data for ferritic and 
austenitic materials are given in table 5. The most common technique 
for determining SUlphur diffusion coefficients is the use of radio-
active isotopes of sulphur. Fillastre (1982) suggests SUlphur diffusion 
in metals occurs vi a a vacancy mechanism, due to the value of the 
activation energy. If diffusion occurred via an interstitial mechanism 
a much lower activation energy would be expected. 
Sulphur diffusion data (table 5) has been determined experiment-
ally at temperatures of 700°C and above. In this study alloys are 
° sulphidised at 550, 650 and 700 C. Extrapolated values of diffusion 
coefficient at 650 and 700°C are given in table 5. Diffusion data, 
from different au thors, for the same phase and temperature show reasonab le 
agreement at 650 and 700°C. The only exception is the data of Zemskii 
(1970) which is at least an order of magnitude greater than the corres-
ponding data of other authors. Zemskii's data is for outward chemical 
diffusion of SUlphur, whereas the data of other authors is derived for 
inward radioactive tra·cer diffusion of SUlphur. Tracer diffusion 
coeffiCients, for sulphur in ferritic steels are approximately one 
order of magnitude greater than in austenitic steels. This shOUld be 
contrasted to diffusion coefficients of metallic species which are between 
two and three orders of magni tude greater in ferri tic steels than in 
aus teni tic steels. 
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Gruzin (1971 and 1972) and Rosso (1968) have studied sulphur 
grain boundary diffusion in steels. The sulphur grain boundsry 
diffusion activation energy in austenitic Fe-3Si is 149 kJ mol- I 
(Gruzin, 1971). -I In ferritic iron it is found to be 131 kJ mol (Rosso, 
-I 1968) and 135 kJ mol (Gruzin, 1972). These activation energies 
are much lower than those for inward sulphur volume diffusion (table 
5). Thus sUlphur grsin boundary diffusion is more rapid than volume 
diffusion. 
54 
3.0 E X PER I MEN TAL 
3.1 Metallographic Techniques 
3.1.1 Preparation of Mounted Specimens 
Techniques discussed in this section were applied to both 
corrosion and diffusion experiments. 
Specimens were ei ther mounted in conductive bakeli te or araldi te. 
Conductive bakeli te was required for electron probe micro-analysis to 
prevent charge accumulating on the specimen. Conductive bakelite also 
facili tates electrolytiC polishing and etching. Due to the weakness 
of scales on corroded specimens and their tendency to spall away from 
the substrata, these corroded specimens were mounted in araldite. 
MY 750 resin and MY 951 hardner (CIBA-GIGA) were used in the ratio 10:1 
by weight. The mount was formed by pouring the mixed araldite onto the 
specimen, using a metal ring as a mould. The specimen was then placed 
in a vacuum, for 15 minu tea, at room temperature. 111e vacuum was 
obtained using a rotary pump .. This was done to draw off any air in the 
gaps between scales and alloy, and thus ensure gaps were filled wi th 
araldite. The araldite was allowed to harden for a minimum of 24 hours 
at room temperature and atmospheric pressure. Mounted specimens were 
left in the metal rings as this facilitated grinding and polishing, 
and helped to ensure good electrical contact between the mount and earth 
during electron probe micro-analysis. 
At leas t 1. 5 mm was linished of the face of mounted specimens, 
to ensure cross-sections of the bulk, and not just the surface region 
of the alloy, were' obtained. This was important for diffusion couples 
annealed at high temperatures and corroded specimens where extensive 
internal corrosion had occurred. Mounted specimens were then ground 
to grit size P1200. 
Specimens were polished to a one micron finish using diamond 
paste. As an alternative to mechanical polishing electrolytic polishing 
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was used for a selection of the chromium plated specimens. Electro-
lytic polishing revealed defects in the chromium plate more readily 
than wi th conventional mechanical polishing and etching techniques 
1 (Jacquet, 1949) . The specimen was made anodic and a stainless 
steel plate was used as the cathode. The electrolyte was 1000cm3 glacial 
acetic acid and 50 cm3 of 65% perchloric acid. Polishing took 2 to 5 
minu tes using a voltage of 45 volts at room temperature. 
Etchants used are lis ted in table 6, together wi th their 
effects on certain phases. Corroded specimens were not etched. 
3.1.2 Electron probe micro-analysis. 
For electron probe micro-analysis (EPMM) specimens were etched 
only sufficiently to reveal the location of the necessary features. 
Corroded specimens were not etched. 
Specimens mounted in araldite were sputter coated with platinum 
to enable electronic charge to flow to earth. Other specimens were 
mounted in conductive bakeli te and did not therefore require a con-
ductive coating. 
Micro-analysis work reported here was performed on a Philipps 
SEM 505 scanning electron microscope. A beam vol tage of, 25 kV, beam 
current of approximately 10 nA and spot size of less than 100 nm were 
used. X-rays were collected from a take-off angle of 35°. X-ray 
count rates were in the range 2000 to 4000 counts per second. X-rays 
were counted for a detector live time of 120 seconds. The K-lines of 
elements were used. 
The EDAX energy dispersive system was used to count X-rays. 
The software provided with this system corrects for the following: 
1. X-ray absorption, by elements of a lower energy, as 
X-rays emerge from the specimen. 
2. X-ray enhancement due to fluorescence by X-rays of a 
higher energy from other elements or the background X-ray 
continuum. 
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3. X-ray intensity loss due to backscattering of incident 
elecj;rons out of tbe specimen. 
4. X-ray production efficiency which is dependent on the 
element atomic number. 
A more detailed description of the correct~on procedure is given 
by Reed (1975). The concentrations of identified elements were 
normalised to 100%. after ~e above corrections were made. The over-
all correction procedure compensates for variations in the beam current 
and changes in the geometry of the electron beam and X-ray paths, as 
different locations on the specimen are analysed. However normalisa-
tion of element concentrations will over estimate the element concentra-
tions if unidentified elements or voids are present. 
To moni tor the carbon content tbe. Microspec WDX-2A wavelength 
dispersive sys tem was used wi th a LOO crys tal. X-ray generation is 
most efficient at approximately three times the excitation voltage 
of the element K", line. To quantify carbon an electron beam voltage 
of 8 kV was used. At this voltage carbon Ko: line X-ray generation is 
efficient and fluorescence of carbon by Cr, Fe and Ni is reduced. K", 
line X-ray generation of Cr, Fe and Ni is efficient at 25 kV. To 
increase the X-ray count rate an electron beam spot size of 200 nm was 
used. Pure carbon was used as a standard, but as no correction pro-
cedure was used carbon concentrations quoted in the results are only 
approximate. Wavelengtb dispersive analysis was also tried for 
measuring chromium concentration profiles, but was found to be unsatis-
factory in giving accurate results. 
3.1.3 Types of Analysis Performed· 
The Phil1pps 550 scanning electron microscope enabled X-rays 
to be counted whilst the electron beam remained fixed on one spot, 
rastered along a straight line or rastered over an area. Using spot 
analyses precipi tate concentrations, concentration profiles across the 
grain matrix, avoiding precipi tates, and concentration profiles across 
the zone adjacent to grain boundaries were measured. To determine the 
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overall concentration profile, of diffusion couples and corroded 
specimen depletion zones, X-rays were counted whilst the electron 
beam rastered along straight lines parallel to the diffusion couple 
interface or the corroded alloy surface as appropriate. This averages 
out any inhomogenieties in the alloy such as precipitates,and gives 
a weigh ted average concentration for a specific dis tance from the 
interface or surface. For spot and average concentration profiles 
several analyses were taken, the spacing of which depended on the rate 
of change of element concentration with distance at that location. 
Concentration profiles obtained using rastered lines were much smoother 
than those using the spot mode. Scale compositions were determined 
using rastered lines parallel to the scale surface, to obtain an average 
composition. To determine bulk alloy concentration X-rays were counted 
whils t the electron beam ras tered over an area in the center of the 
cross-sectional specimen. 
Specimens were orientated in the scanning electron microscope 
chamber so that the path of X-rays from the specimen to the X-ray 
detector coincided with the plane of the diffusion couple interface 
or corroded alloy surface. This was done so that X-ray fluorescence 
and absorption occurred in material of a similar composition to that 
excited by the electron beam. This is important for narrow concentra-
tion profi les. 
The analytical spatial resolution of the scanning electron 
microscope was determined by measuring the concentration profile across 
a non-annealed couple. The spatial analytical resolution is approx-
imately 1 micron. 
3.2 Materials 
The specimens used in this study were machined from boiler 
tubes supplied by the CEGB. AISI 446, AISI 310 and AISI 310 + Nb 
boiler tubes were as received from the manufacturer. 9Cr - lMo and 
Aged AISI 310 had been in power station coal fired boilers for 5130 hours 
58 
and 15,449 hours respectively, with outer wall temperatures of 
approximately 380°C. AISI 446, AISI 310, AISI 310 + Nb and Aged 
AISI 310 were in the form of co-extruded tubes cons is ting of a s tain-
less steel outer, encasing an inner mild steel. The inner mild steel 
was removed by J!lachining, allowing specimens of 2 to 4.5 mm thickness 
with 10 x 10 mm 2 flats to be obtained. 
The composi tion, grain size and microhardness of the alloys 
are listed in table 7. Material compositions were determined using 
emission spectrometry. This technique is accurate for small element 
concentrations only. The bulk chromium concentration of both AISI 446 
and AISI 310 was 27.9 atomic % as determined using electron probe 
micro-analysis. 9 Cr - lMo, AISI 446, AISI 310 and AISI 310 + Nb have 
similar grain sizes, in the range 21 to 32 microns. Aged AISI 310 has 
a grain size of 140 microns along the direction parallel to the tube 
axis and 70 microns perpendicular to this direction. The densi ty of 
- 3 -3 AISI 446 is 7.63 g.cm and that of AISI 310 is 7.90g.cm . 
The microstructures of the alloys are shown in figures 16 to 
20. 9 Crll Mo is martensitic and AISI 446 is ferritic. AISI 310, 
AISI 310 + Nb and Aged AISI 310 are austeni tic. AISI 446, AISI 310 + 
Nb and Aged AISI 310 show directional properties. In AISI 446 and 
AISI 310 + Nb carbide strings have formed along the tube direction 
during the co-extrusion process. In Aged AISI 310 grains are elongated 
in the tube direction. This could be due to mechanical stresses in the 
boiler influencing the rate of grain growth. As stresses are directional 
the grain growth will be directional. 
A characteristic of all microstructures is the presence of 
carbides, the distribution of which varies for each alloy. In AISI 
446 they have been worked into thick layers. AISI 310 + Nb has less 
carbides at grain boundaries than AISI 310 due to the niobium stabiliser. 
Nb is added since it forms more stable carbides than chromium carbides. 
This reduces the amount of chromium tied up in the form of chromium 
carbides. In Aged AISI 310 carbides have formed at slip plane and twin 
sites. Carbides exist at grain boundaries in all five alloys. In 
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austenitic steels they also exist in the grain matrix. Pavlichko 
(1976) identifies the grain boundary precipitates as (Cr Fe)23CS in 
AISI 446, using diffraction techniques in transmission electron 
mi cros copy . 
For both diffusion and corrosion experiments materials have 
been used in their as received state. Specimens for diffusion and 
corrosion experiments were cut from the same boiler tubes. 
3.3 Corrosion 
3.3.1 Thermodynamic Requirements 
The SUlphur partial pressure used must be sufficient to stabilise 
the metallic sulphides. The Gibbs free energies of the metal su lphides, 
of the major elements in the alloy, are plotted as a function of temper-
ature in figure 7. Above 500°C in order of increasing s tabUi ty, and 
decreasing Gibbs free energy, the metal sulphides which can form are: 
1. Fe S2 
2. Ni S 
3. N3 S 2 
4. FeS 
5. Cr2S3 
6. CrS 
The minimum sulphur partial pressure, for a metal sulphide to form, 
assuming the metal is present at unit concentration, can be calculated 
using the Gibbs free energy-of- the SUlphide. For NiS the Gibbs free 
energy, /::.G, (Kubaschewski, 1979), is given by: 
+ S ... 
(g) 
t:.G 
2 NiS(S) 
= -292,853 + l44T -1 Jmole 
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At equilibrium t,G is related to the component activi ties by: 
M = -RT In [~::J :~:J (1) 
By equating the NiS and Ni concentrations to uni ty, the minimum Ps 
2 
for Ni S to be stable is given by 
PS 2 = exp (~) 
RT 
( 2) 
For NiS to form, assuming unit concentration of Ni, the minimum sUlphur 
partial pressure is given by: 
12 
Ps > 8.2 x 10- atm. at 550°C 
2 
> 8.9 x -10 650°C Ps 10 atm. at 2 
Ps > 6.3 X 10-' atm. at 700°C 
2 
At these sulphur partial pressures metal sulphides more stable than 
Ni S can also form. 
A gas mixture of 1% H2S/10% H2/89% N2 was used at 1 atmosphere. For 
H2S the Gibbs free energy (Kubaschewski, 1979) is given by: 
t,G = -181,000 + 98.8 T 
At equilibrium the sUlphur partial pressure is given by: 
", ~ "C. [~::' :" } ..... ~ ..... 
-1 J mole 
(3) 
At the temperatures of sulphidation used in this study the sUlphur 
partial pressure is given by: 
= 
= 
----~--
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The activi ty of me tal required to stabilise its sulphide, for a given 
PS2' can be calculated using the appropriate form of equation (1). 
The Gibbs free energies of sulphides of the major elements in the 
alloys are given by: 
t:.G = -151,500 + 54.1 T 
-I J mole (Jacob, 1979). 
Fe(S) + S2(g)+ Fe S2(g) t:.G = -334,700 + 240.5 T J mole- I 
(Jacob, 1979) 
t:.G = -192,000 + 60.7 T 
(Jacob ,1979) 
-I J mole 
t:.G = -527,200 + 188T J mole- I 
(Jacob, 1979) 
t:.G = -292,853 + l44T J mole- I 
(Kubas chewski, 1979) 
t:.G = -331,699 + l63T -I J mole 
(Kubaschewski, 1979) 
The calculated metal activities required to stabilise a sulphide, 
at the sulphur partial pressures used, are listed in table 8. Activities 
can be equated to mole fraction if ideal behaviour is assumed. Thermo-
dynamically all metal sulphides, except for Fe S2 at 650 and 700·C 
can form. During corrosion of alloys the more stable sulphides will 
form first. The rate at which reactants come together~~to form sulphides 
will depend on diffusion rates in the scales or alloys. Kinetics 
determines which sulphides form and at what rate the reaction proceeds. 
Thermodynamic considerations give necessary conditions for sulphides 
to form. 
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3.3.2 Specimen Preparation 
Specimens cut from co-extruded tubes were etched in picric 
acid to test for any remaining mild steel. Only specimens wi thout 
any mild steel were used in corrosion tests. Specimens were ground 
to Pt200 grit finish. Final cleaning was done ultrasonically in 
acetone. The thickness and widths of each specimen was measured using 
a microme ter, to an accuracy of 3 microns. The thickness of specimens 
ranged from 1.9 to 2.3 mm. Specimens were 10 mm square. Specimens 
were weighed in marked crucibles. Crucibles were used to hold the 
specimens during corrosion so as to collect any spalling scale. 
3.3.3 Corrosion of Specimens 
Vertical tube furnaces wi th a 200 mm heat zone and thermal 
stability of ±loC were used. The inner lining of the furnace was 
AISI 310 steel. During corrosion tes ts, corrosion of the furnace 
lining occurred. This would have the effect of reducing the SUlphur 
pressure. Spalling of scales from the furnace lining onto some of the 
crucibles was noticed. This caused some mass gains to be excessive. 
Due to the large thermal mass of the furnaces, heating and 
cooling took up to 6 hours. During heating and cooling furnaces were 
flushed wi th ni trogen gas for several reasons. Hydrogen, hydrogen 
sulphide and air form an explosive mixture. Hydrogen sulphide must be 
flushed from the furnace, before opening the furnace, as it is highly 
toxic. Nitrogen prevents further corrosion of the specimens. The 
H2S/H2/N2 gas mixture was only admitted when the furnace was at the 
correct temperature. The gas flow rate in each furnace was 100 cm~ /minute. 
100, 200 and 300 hour corrosion runs were done continuous ly 
without any thermal cycling of the furnace. During the 500 hour 
corrosion run the furnace was allowed to cool to room temperature and 
re-heated after 300 hours. This thermal cycle occurred after 300 and 
500 hours for the 1000 hour specimens. These interruptiOns in corro-
sion were necessary to remove and insert speCimens. Each time the 
furnace was opened all specimens were weighed. Thermal cycling also 
occurs in industrial environments. 
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3.3.4 Measuring Corrosion 
Specimens were mounted in araldite and ground as described in 
section 3.1.1. During grinding sulphides were pulled out of the 
scales and the internal sulphidation zone. To obtain a satisfactory 
microstructure long polishing times were therefore required. Auto-
matic polishing wi th 6 micron diamond paste was therefore used. 
The thicknesses of the alloy. scales and internal sulphidation 
zone were measured using the travelling stage on a Reichart microscope. 
The accuracy of the travelling stage was determined to be ±l micron. 
Where possible readings were repeated ten times. Errors in alloy 
thickness, after corrosion, may have arisen if the specimen was not 
normal to the mount surface. 
alass gains and metal losses were calculated from measurements 
before and after corrosion. 
The procedure for determining concentration profiles and 
scale compositions is described in section 3.1. 
3.4 Experimental Alloy Chemical Diffusion 
3.4.1 Requirements of Diffusion Couple 
In this work mass transfer across the interface of semi-infini te 
diffusion couples has been studied. The mathematical interpretation 
of results required the diffusion couples to be of sufficient width to 
ensure that there was a region on both sides of the couple where no 
change in diffusantconcentration had occurred after annealing. The 
one side of the couple was the stainless steel being studied. The other 
side had to contain a SUfficiently different chromium concentration to 
ensure an adequate concentration gradient for measurable chromium 
transfer to occur. This latter side had to be homogeneous and as pure 
as possible. There had to be atomic bonding between the two sides with 
no voids and no intervening con tamination such as oxides. 
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Three methods were tried to simulate the condi tions of an 
ideal diffusion couple. The first method tried was to deposi t chromium 
onto the prepared stainless steel surface in order to observe chromium 
diffusing into the stainless steel. In a second technique, chromium 
diffusion out of the stainless steel cladding of co-extruded composite 
tubes into the mild steel core was studied. To improve on this tech-
nique, iron was electroplated onto the stainless steel surface to form 
diffusion couples. 
3.4.2 Forming Chromium Diffusion Couples 
3.4.2.1 Coating Methods 
Possible methods of depositing a pure chromium layer on the 
stainless steel included the following: 
( a) Vacuum evaporation 
(b) Sputtering 
( c) Plasma spraying 
(d) Sinteri ng 
( e) Cold clamping 
( f) ·E lectrodeposi tion. 
Vacuum evaporation and spu ttering allow surfaces and coatings 
to be formed free of contamination due to the evacuated environment. 
Surfaces can be cleaned prior to coating by eroding away the uppermost 
layer by means of an ion beam. However, both have a very low deposi tion 
rate making it impracticable to deposit coatings of sufficient thick-
ness, such as 100 microns. A variation on conventional sputtering is 
magnetron sputtering in which a magnetic field allows a much higher 
sputtering rate to be maintained. 
Plasma arc spraying allows coatings to be deposited rapidly, 
but the substrate surface has to be roughened to ensure good adhesion. 
Bonding is due mainly to mechanical as opposed to atomic forces and 
therefore unsuitable for a diffusion couple. Oxide formation can be 
reduced by operating in an evacuated environment or inert atmosphere. 
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Both sintering and cold clamping involve pressure thus 
creating lattice deformation at the surface. Sintering also involves 
heat treatment to ensure a good bond, by creating a diffused layer 
which would complicate the mathematical analysis after the main anneal. 
The most readily available method was electroplating, of 
which a detailed study was made. 
3.4.2.2 Sample Preparation 
2 1 cm specimens were ground to 1200 paper gri t finish and 
then soldered to copper wires to ensure good quality electrical contact. 
Jus t resting the specimens on copper trays in the plating bath produced 
inconsistent results due to the poor electrical contact. To allow 
the current densi ty to be controlled as precisely as possible during 
electroplating a defini te exposed metallic surface area had to be 
defined. This was done by coating the sides and backs of the speCimens 
twice wi th lacomi t. 
3.4.2.3 Pre-coating Treatment 
Prior to coating, the surface had to be decontaminated after 
achieving the required degree of flatness. As an alternative to 
mechanical polishing, in which distortion of the surface lattice occurred, 
electropolishing was considered. Previous studies by Jacquet 2 and Weill 
(1949) have shown that this results in an improved chromium electro-
deposi t wi th increased adherence, fewer structural heterogenei ties 
and no change in the substrate lattice parameter. Phosphoric/sulphuric/ 
chromic and acetic/perchloric electrolytes were tried. The latter 
electrolyte, containing 1000c.c. glacial acetic acid and 50 c.c. of 
65% perchloric acid, was found to be most suitable. An anodic voltage 
of 45 volts for 3, minutes at room temperature, with a stainless steel 
cathode was used. Polishing occurred due to the formation of a brown 
viscous film on the metal surface. This film was removed by swabbing 
under running water and ultrasonically cleaning in alcohol. 
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During electropolishing and On subsequent exposure to air, an 
oxide layer would have formed on the metal surface. This oxide layer 
could have affected the kinetics of chromium diffusion into the 
substrate and would also have degraded the adhesion of the electroplate. 
The most satisfactory method for the removal of this passive layer 
was anodic etching in the plating bath itself, current being passed 
in the reverse direction to that used for deposition. This was favour-
able to other methods as the surface did not come into contact wi th the 
atmosphere between its activation and commencement of plating. Also 
plating was able to start immedl4tely after activation, allowing little 
time for surface contamination. Care had to be taken not to over-use 
the plating bath, otherwise it would have become contaminated with the 
2 
etching products. A current densi ty of 25 amps/dm for 20 seconds at 
50°C was used, with the lead electrode being made cathodic. 
3.4.2.4 Chromium Electroplating 
Electrodeposited chromium (see Morriset,1954) is extremely 
bri ttle and when deposi ted in thick layers has a tendency to crack and 
spall away from the substrate due to the inherent internal stresses. 
Normally this problem is reduced by depositing a nickel underlayer 
prior to chromium .• plating. As this cannot be done for a diffusion 
couple, this problem was studied experimentally. 
Chromium was initially electroplated onto copper strip and 
eventually onto the stainless steels, using various experimental Con-
ditions. Solutions tried were a standard bright chrome plating bath, 
a low concentration and a high concentration chromic acid bath. Temper-
atures of 20 to 70°C, current densi ties of_IO, 20 and 40 ampsjdm 2 for 
times of 24, 48 and 96 hours were tried. The electroplated couples 
were cross sectioned and examined for porosi ty, cracking and adherence 
prior to and after various heat treatments. 
To produce thick chromium electroplates, which would not spall 
away from the substrate upon subsequent annealing, it was concluded the 
following plating conditions were most suitable: 
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( a) Bath of composi tion 250g/L Cr03 and 2.5g/L Hi!S04 . 
(b) Plating temperature of 50°C. 
( c) Current densi ty of 10 amps/rnrr 
(d) Plating duration of 96 hours. 
The arrangement of the plating bath is shown in figure 21. 
The surface to be coated was horizontal, facing upwards, so as to 
facili tate hydrogen gas release. Continuous agi ta tion was provided 
by means of a mechanical stirrer. Plati ng was commenced immediately 
after anodic etching, as described in Section 3.4.2.3, by reversing 
the polarity of the cell. 
After. plating the speCimens were immediately rinsed under 
flowing water and ultrasonically cleaned in acetone to dissolve away 
the lacomit. Each coated specimen was mounted in semi-cured bakelite 
to inspect the cross-section of the coa ti ng and subs trate. The bakeli te 
was removed by dissolving in acetone. 
The coatings thus produced varied in thickness from 150 to 
500 ].Im over the stainless steel surface. The large variation was due 
to the much greater current densities at the specimen edges. 
3.4.3 Co-extruded Couples 
These were taken from co-ex truded boiler tubes consis ting of 
an inner mild steel, containing 0.1 atomic % chromium, encased in an 
outer stainless steel containing 27.9 atomic % chromium. Thus specimens 
.... _of th~ _co-:e"t:r:u<!e<! tub~s._ cquld_ be. use(L as 5'.oJlp.les .f.or. di_ffJlsion experi- _ 
ments. As diffusion was being studied between the stainless and mild 
steel, the nature of the interface and how it was formed, was of 
impor tance. 
The co-extruded tubes were formed by fitting a billet of mild 
steel, whose center had been bored out, inside an outer stainless steel 
sleeve. The inner and outer were fitted to within a few thousandth of 
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an inch by machining of the contact surfaces. Prior to final fi tting 
lubricants were removed from the surfaces by chemical cleaning. 
The ends of the composi te billet were welded at the seam to prevent 
gas ingress during the extrusion process. The composite billet was 
heated in a propane fired furnace to 550°C over a period of 4 to 5 
hours. A high frequency induction furnace was used to heat the billet 
from 550°C to 1150 - 12000 C within five seconds. A 3000 tonne press 
was used for the co-extrusion process, using glass as a lubricant. 
° The composi te billet was at 1200 C for less than a minu te arxl the co-
extruded tube was allowed to air cool wi thin a few hours. 
During the co-extrusion process it was expected high stresses 
would have arisen at the interface.. Diffusion would have occurred 
across the interface due to the high temperatures involved. The high 
stresses should have been relieved at the early s:tages,of annealing due 
to the length of heat treatments used in this project. The extent to 
which chemical diffusion of elements had occurred during co-extrusion 
was determined using electron probe micro-analysis. The micro-structures 
of the interface regions were examined. 
3.4.4 Iron Plated Couples 
Specimens were prepared in the same manner as that used for 
chromium electroplating, section 3.4.2.2. Instead of using anodic 
etching in the plating bath itself, the specimens were etched anodically 
at 7 volts for 1 minu te in 10% oxalic acid to remove surface oxides. 
An iron II sulphate/ammonium sulphate bath always gave bri ttle 
coatings which were badly pi tted and spalled away from the substrate. 
A bath containing 247 g/L FeSO,. 7H 20, 30g/L FeC1 2 . 2H 20 and 22.5 g/L 
NH,Cl produced iron plate with improved adherence to the substrate. 
This bath was used with a low current density, of 2 amps/dm , to reduce 
pitting. A low carbon steel anode Was used, the stainless steel specimens 
being the cathode. ° Electroplating was done at 50 C, for 7 hours, to 
produce coatings of thickness 100 to 300 microns. 
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In general the adherence of coatings was not as good as that 
achieved for chromium plating. Spalling of the iron electroplate was 
common. 
3.4.5 Annealing 
Diffusion couples were encapsulated in quartz tubes, which 
were flushed three times with argon prior to sealing. Horizontal 
tube furnaces were used for heat treatments. These had heat zones 
such that the variation of temperature over the volume occupied by the 
specimens ranged from OOC,at 4500 C,to 7°C at 1200oC. The furnaces were 
set to the required temperatures using the same chrome!alumel thermo-' 
couple. This thermocouple was calibrated using the melting points of 
ice (OoC), tin (232°C), bismuth (271°C), lead 327.50 C), zinc (419.6°C), 
° ° ° antimony (630.5 C), aluminium (660.4 C) and copper (1083 C), and the 
° boiling point of water. The accuracy achieved was ±4 C. 
Tubes of specimens were placed in furnaces already at temperature. 
At the end of the heat treatment they were removed from the furnace 
and allowed to cool at room temperature, before cracking open the tubes. 
The prediction of the required annealing time to achieve a measurable 
diffusion profile is discussed in section 5.3.4. 
3.4.6 Concentration Profile Determination 
Specimens were mounted in conductive bakeli te so that the plane 
of the diffusion couple interface was perpendicular to the mount 
surface. A minimum of 1.5 mm was linished off the exposed section to 
avoid edge effects. The mounts were ground to 1200 paper grit and 
pOlished to 1 micron diamond paste grade. To'reveal the couple inter-
face chromium plated specimens were etched electrolytically in 10% 
oxalic acid at 6 volts. Co-extruded couples and iron plated couples 
were etched in picric acid or Vilella's reagent. For micro-analysis 
work etching was continued just sufficiently to reveal the couple 
interface and not the general microstructure. 
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Details of micro-analysis are given in section 3.1, where 
the procedure for obtaining concentration profiles is described. 
Profiles were obtained for both heat treated and control couples. 
For a given specimen profiles were obtained for at least two different 
areas. 
3.5 Analysing Data 
3.5.1 Line Fi ts 
Straigh t lines were fi tted according to the leas t squares 
equations. In· this procedure the fi tted line is such that the sum of· 
differences squared between experimentally observed values and values 
calculated from the fitted line is a minimum. The straight line through 
a set of points has the equation 
y=mx+c (1) 
The best fit is obtained by differentiating the sum of the 
errors squared wi th respect to m and c. The minimum in the sum of the 
errors squared is obtained by setting the derivatives equal to zero. 
It can be shown (Lee, 1982) that the slope, m, and intercept, x, is 
given by: 
slope, m = ( 2) 
and 
intercept, c = (3) 
The least squares line must pass through the mean (X;y)- of-the experi-
mentally measured x and y values. The accuracy of the slope and inter-
cept is improved by shifting the origin to (x, y). A more accurate 
value of the slope, m, and intercept, c, is given by: 
slope m = (4) 
and 
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intercept c = (5) 
where = 
Li ne fi ts of the form 
y = mx + c 
were calculated using a computer program (Lee, 1982). If the 
experiment is such that the line fit must pass through the origin then 
the leas t squares fi t is evaluated by simply calculating the mean of 
the experimental x and y values. The best line fi t then passes through 
the origin and (x, y) for this specific case. 
3.5.2 Errors 
95% confidence limits can be calculated for the errors in 
the slope and values of y determined from the straight line fi t. The 
95% confidence limits gives the range of values within which the true 
value is 95% likely to lie. The 95% confidence limits are given by: 
error = ± t. standard error 
where t is the 95% Student's t value (Lee, 1982) with '(n~2) degrees 
of freedom. The standard error of the slope is given by 
Standard error of slope = Standard deviation of points from line 
lE (xi - x) 2 
the standard error of a y value calculated from the line fit is given 
Standard error of calculated y value= 
( standard devi a tion 
from le as t .squares 
3.5.3 Correlation Coefficient 
of points) x/~ 
line 
n 
+ 
- 2 (x.,.x) 
The correlation coefficient of a straight line fit establishes 
how close the experimentally measured x and y values follow a linear 
(6) 
( 7) 
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relationship. Pearson's correlation coefficient, r, is given by 
(Lee, 1982): 
E (xi - x) (Yi - y) 
r = 
h(Xi 2 E(Yi 
- 2 
x) - y) 
For perfect direct linear correlation r is +1 and for perfect inverse 
linear correlation r is -1. If r is zero there is no linear correlation. 
A reasonab le s traigh t line fi t is indicated by values of r above 
0.95 or below -0.95. 
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4. RES U L T S 
4.1 Corrosion Results 
4.1.1 Analysis of Corrosion Reates 
The corrosion, x, of a metal can be described by the following 
equation: 
x = (1) 
where k = corrosion constant 
t = time 
n = index 
For a parabolic rate n = 0.5 and for linear rates n = 1. 
Taking natural log, In, of both sides of equation (1) gives 
In x = In k + n(ln t) ( 2) 
If corrosion obeys equation (1) a plot of In.x as a fUnction of In,,t 
gives a straight line with gradient equal to n. The corrosion constant 
k, can be found from the intercept of the straight line at In· t = O. 
n As n can be determined, a plot of x as a function of t (equation (1) ) 
should give a straight line wi th gradient equal to k. 
Corrosion is quantified by measuring mass gains, scale thick-
nesses, metal recession and extent of internal sulphidation. Mass gains 
are occasionally affected by scale spalling from the furnace wall onto 
° specimens, especially at 700 C. Total scale thicknesses are incon-
sistent as outer scales spall away from specimens causing large errors. 
Metal·recession is negligible. at 700°C. Thus. me.tal recession can not 
be used for all three temperatures. Internal sulphidation is negligible 
at 550°C. At 650°C the internal zone ,transforms into inward growing 
scales. Therefore internal sulphidation cannot be used as a measure 
of corrosion rate for all three temperatures. Mass gains are measurable 
at all temperatures and therefore are used to compare and analyse 
corrosion rates. 
74 
4.1.2 Corrosion at 550°C 
Using the least squares method (section 3.5.1) straight lines 
are fitted to plots of In (mass gain) as a function of In t. The 
gradients are equal to the indexes n and are given in table 9. 
The average value of n for the six alloys is 0.98, which is surprisingly 
close to unity (see section 5.1.1). To facilitate inter-comparison of alloys,' 
mass gain has therefore been fitted to the equation: 
MG = kt 
Plots of mass gain as a function of t are shown in figures 22 
and 23 for AISI 310 and AISI 446 respectively. The gradient of the 
straight line fitted to the points is equal to the mass gain rate 
constant, kMGo The rate constant for metal loss, kML , is determined 
by plotting metal loss as a function of time as seen in figures 22 and 
23. The calculated values of rate constants for mass gain and metal 
loss are given in table 9. 
Microstructures of corroded AISI 446, AISI 310, AISI 310 + Nb 
and Aged AISI 310 are given in figures 24, 25, 26 and 27 respectively. 
The marker x = 0 is the plane from which specimen thicknesses were 
measured after corrosion. From the initial and final specimen thick-
nesses the metal loss can be calculated. Metal loss allows the planes 
of the original surfaces to be located and are marked on the micro-
structures. The error in the original surface varied from ±3 to ±15 
microns. 
Scale composition, interface concentration and details of 
depletion, enrichment and internal sulphidation are given for AISI 446 
and AISI 310 in tables 10 and 11 respectively. Quoted scale compositions 
- -
and interface concentrations are the average of one to five readings. 
There is no overall depletion of the region adjacent to the 
alloy surface for both AISI 446 and AISI 310. Overall depletion refers 
to the- average concentration along lines parallel to the metal surface. 
Grain boundaries within 15 microns of the alloy surface of AISI 446, 
after 300 hours, are depleted in chromium (Cr) and enriched in iron (Fe) 
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and sulphur (S). A concentration profile obtained taking spot 
analyses along a line perpendicular to a grain boundary, 6 microns 
from the alloy surface, is shown in figure 28.1. For comparison 
the concentration profile of a grain boundary, oriented parallel to 
the metal surface, in the center of the same specimen is given in 
figure 28.2. Bulk grain boundaries oriented parallel to the boiler 
tube surface show Cr enrichment to 37 At.%. Those perpendicular 
to the tube surface show e.nrichment to 30 At.%. 
4.1.3 Corrosion at 650·C 
Values of n, as determined using the procedure in section 4.1'.1 
• are tabulated in table 12 for 650 C. Errors in n are the 95% con-
fidence Umi ts. For AISI 446 n is 1.66 ±O. 45 and is significantly 
larger than that for the other alloys. The average value of n for 
the remaining alloys is 0.92, so they have again been compared by fitting 
corrosion data for each one to a linear law. A plot of mass gain as a function 
of time is given for AISI 310 in figure 29. From the gradients of straight 
lines fitted to such plots, linear rate constants for mass gain can be 
calculated. These are given in table 12. 
As n for AISI 446 is significantly different from the remaining 
alloys, the corrosion rates cannot be compared by calculating rate 
constants. The mass gain of AISI 446 is plotted on figure 29 to enable 
comparison of corrosion rates with AISI 310. 
Metal loss and depth of internal su1phidation are plotted in 
figures 30 and 31 respectively for both AISI 446 and AISI 310. Rate 
constants were not determined for these measures of corrosion. 
Microstructures for AISI 446, AISI 310, AISI 310 + Nb and 
Aged AISI 310 are given in figures 32 to 35. For AISI 446 after 300 
hours a defini te s traigh t edge could be observed at the p lane of the 
original surface when the focus of the optical microscope was adjusted. 
Photo micrographs were taken by focussing on the internal sulphidation 
zone. Hence scales are occasionally blurred. Metal loss is given by 
------
---_. 
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the difference in the planes marked original surface and x=O on the 
microstructures. x=O marks the extent of alloy after corrosion. 
Summaries of micro-analysis results for AISI 446 and AISI 310 
are given in tables 13 and 14. Interface concentrations and extent 
of depletion are given for both average and matrix analyses. Average 
refers to results collected whilst the electron beam rastered parallel 
to the me tal surface. This gives a weigh ted average concentration 
for matrix, grain boundaries and precipi tates. Matrix results were 
obtained using spot analyses on points in the grain lattice distant 
from grain boundaries and precipi tates. 
After 100 hours no Cr depletion is observed in ei ther AISI 446 
or AISI 310. Cr depletion is observed in both AISI 446 and AISI 310 
after 300 hours. Average concentration profiles, obtained whilst the 
electron beam rastered parallel to the metal surface, are given for 
AISI 446 and AISI 310 in figures 36 and 37 respectively. Matrix 
profiles, obtained using spot analyses, are given for AISI 446 and 
AISI 310 in figures 38 and 39. Spot analyses were used to determine 
depletion zones adjacent to grain boundaries. Grain boundary depletion 
zones are shown for AISI 446 and AISI 310 in figures 40 and 41 
respectively. 
4.1.4 Corrosion at 700°C. 
The average va,lue of n, tab le 15, is 0.76 (±O. 07) for all six 
alloys. Using n = 0.75 corrosion is described by: 
mass gain = k t'O ·75 
O· 75 
Plots of mass gain as a" function of to". 75 are given in figure 42 for 
AISI 446 and AISI 310. Gradients of the s traigh t lines fi tted are 
equal to the rate constants, k o . zs . Values of calculated k O• 75 are 
given in table 15. 
Metal loss and depth of internal sulphldatlon are plotted in 
figures 43 and 44 respectively for both AISI 446 and AISI 310. Metal 
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loss for AISI 310 + Nb and Aged AISI 310 were similar to AISI 310. 
Depth of internal sulphidation was less in AISI 310 + Nb than in 
AISI 310 and Aged AISI 310. 
Microstructures for AISI 446, AISI 310, AISI 310 + Nb and 
Aged AISI 310 are given in figures 45 to 48. Errors in the location of 
the original surface ranged from 3 to 15 microns. 
extent of alloy after corrosion. 
x = 0 marks the 
Microanalysis results are summarised for AISI 446, AISI 310, 
and AISI 310 + Nb in tables 16,17 and 18 respectively. 
Concentration profiles determined using data collected whilst 
the electron beam ras tered parallel to the alloy surface for AISI 446, 
AISI 310 and AISI 310 + Nb are given in figures 49 to 54. The con-
centration profile, figure 49, for AISI 446 after 100 hours extends 
over both scales and alloy. The concentration profil~ in figure 55, for 
AISI 310 after 300 hours, was obtained using spot analyses on points 
avoiding sulphide precipitates. 
4.2 Diffusion Results 
4.2.1 Method of Analysis 
For diffusion couples in which both sides of the couple are 
the same phase the Matano-Boltzmann analysis, described in section 
2.4.4.1, is used. For concentration profiles similar to that in 
figure 10 values of diffusion coefficient can be calculated numerically, 
using equation (5) in section 2.4.4.1 with the aid of a computer 
program listed in -figure 56:· 
For diffusion in two phase systems with a moving interface the 
ana1ysis described in section 2.4.4.2 is used. As the interface moves 
during annealing the distance, x, from the initial interface is 
calculated using the condition in equation (10), section 2.4.4.2 with 
the aid of the Matano-Bol tzmann compu ter program (figure 56). 
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Diffusion coefficients calculated from the two phase system 
assume a constant diffusion coefficient in the stainless steel. 
As diffusion coefficients can vary with composi tion errors may occur. 
The Matano-Boltzmann analysis allows a more accurate determination of 
chemical diffusion coefficient, as it is allowed to vary with 
composi tion. 
4.2.2 Chromium Plated Diffusion Couple Results 
4.2.2.1 Austenitic Stainless Steels 
The concentration profile of a non-annealed Cr-plated pure 
iron couple is shown in figure 57. The X-ray spectrum in the center 
of the Cr-plate showed only a Cr peak. 
For AISI 310 the chromium concentration profiles and corres-
ponding microstructures are shown for 116 hour (figure 58) and 352 hour 
(figure 59) anneals at 900°C. Two layers are evident at the interface. 
That between x = 0 and x = 10 microns has a chromium concentration of 
50 atomic %. This phase is stained bronze, upon etching in potassium 
hydroxide, showing it is sigma. This phase also occurs at grain 
boundaries throughout the bulk of the specimen. The second layer, 
between x = 0 and x = -6 microns, is identified as being rich in carbides, 
by using wavelength dispersive analysis on the electron microscope. 
The diffusion coefficients are calculated us ing the Matano-
Boltzmann analysis, section 2.4.4.1. The average diffusion coefficient 
in the austenitic phase, for x greater than 10 microns, is 2 x 10- 12 
cm 2 s -I for the 116 hour anneal (figure 58) and 2 x 10- 13 cm 2s -I for 
the 352~liour anneal-(figure 59)~at 900°C for AISI 310. 
The microstructures of AISI 310, AISI 310 + Nb and Aged AISI 310 
couples annealed at 850, 900 and 950°C exhibi t similar features to the 
° AISI 310 couples at 900 C. That is a carbide layer has formed on the 
chromium rich side of the interface and sigma phase on the other. 
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The chromium concentration profile (figure 60) for chromium 
plated AISI 310, annealed at 1200·C for 2.17 hours, shows dicontinuities. 
This profile can be analysed using the method described in section 
2.4.4.2 for diffusion in two phase systems with a moving interiace. 
Diffusion data derived from chromium plated AISI 310 couples 
at 850, 900, 950 and 1200·C, and for AISI 310 + Nb and Aged AISI 310 
at 900·C are given in table 19. The coefficients quoted are the mean 
of the individual coefficients for the austeni tic side of the couples. 
The errors are the first standard deviation and represent the scatter 
of the individual coefficients about the mean. 
4.2.2.2 Ferritic AISI 446 
The chromium concentration profile and microstructure are 
shown in figure ,61 for chromium plated AISI 446, annealed at 900·C 
for 352 hours. The layer between x = -:1.0 and x =·10 microns contains 
15 atomic % carbon, as shown by waveleng th dispers ive analysis, 
indicating a large concen tra tion of carbides. Between x =-40 and 
x = O~m is a layer rich in chromium. 
A chromium plated AISI 446 couple annealed at l200·C for 2.17 
hours revealed no phase formation at the interface. Using the Mantano-
Boltzmann analysis a diffusion coefficient of 3.4 (±1.7) x 10- 9 
is determined. This is plotted on the Arrhenius plot, figure 62, to-
gether with other data reported in section 4.2.3.2. 
4.2.3 Co-Extruded Couple Results 
The concentration profile for a non-annealed AISI 3l0/mild steel 
couple is illustrated in figure 63. 
A concentration profile for the AISI 3l0/mild steel couple 
annealed at 800·C for 3144 hrs. is given in figure 64. Figure 64 is 
plotted from -40 to 80 microns, whereas in fact the diffusion zone extends 
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to x = 200 microns on the mild steel side. The corresponding micro-
structure is given in figure 65. Concentration profiles and micro-
structures for AISI 310 +Nb and Aged AISI 310 have similar features to 
figures 64 and 65 respectively. 
The lack of any sudden discontinui ty in the concentration 
profile (figure 64) indicates the phase on both sides of the couple is 
the same. The Fe-Ni-Cr ternary phase diagram at 80cf C (figure 66) 
indicates both austeni tic (y) and sigma (0) phases are s table for the 
AISI 310 composition. For the mild steel, the Fe-Cr binary phase 
• diagram (figure 2) shows that at 800 C pure Fe is ferri tic. However" 
the mild steel contains 0.15 wt.% carbon and 1.05 wt.% manganese 
(table 7). The Fe-Cr phase diagram with carbon (figure 67) and the 
Fe-Mn phase diagram (figure 68) both indicate that carbon and mal{tanese 
help stabilise the aUS teni tic phase. As the concentration profile 
shows only one phase is present, it is concluded that at 800°C and 
above the mild steel must be austenitic. Therefore the Matano-Boltzmann 
analysis, applicable to single phase systems described in section 2.4.4.1 
can be used to calculate diffusion coefficients for the austenitic 
stainless steels. 
For each diffusion couple the calculated diffusion coefficients 
are plotted as a function of chromium concentration. An average diffu-
sion coefficient is determined for concentratiomgreater than 14 at.% , 
excluding anomalous points. This ensures only data on the stainless 
side are used. An example of this procedure is given for the AISI 310 
couple, annealed at 800·C, in figure 69. The average is calculated from 
the ringed pOints. The errors quoted for the diffusion coefficients 
are the first standard deviation and reflect the scatter.ofdata.about 
the mean. 
CalcUlated chemical diffusion coefficients at 800·C for AISI 
310, AISI 310 + Nb and Aged AISI 310 are given in table 20. Coefficients 
for AISI 310 at temperatures ranging from 800 to l200·C are given in 
table 21 and plotted on an Arrhenius plot, figure 70. The straight line 
drawn is determined using a least squares fi't (section 3.5.1). From 
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the gradient and intercept the volume chemical diffusion coefficient, 
'\,. 
D, for AISI 310 is given by: 
'\, 
D = ( +1.04) 0.27 -0.22 ( -264(±16») exp 
RT 
where R is in kJ and the errors quoted are the 95% confidence limits. 
The concentration pnofile for a AISI 310/mlld steel co-ex truded 
tube which had been in a boiler for 27,700 hours at 400-450oC was the 
same as that of the control profile, figure 63. Thus diffusion at 400-
450°C cannot be detected using the present techniques. 
4.2.3.2 Ferritic AISI 446 Couples 
The concentration profile for a non-annealed AISI 446/mild 
steel couple is given in figure 71. 
A concentration profile and micros tructure for the AISI 446/ 
° mild steel couple annealed at 800 C for 3144 hrs. are given in figures 
72 and 73 respectively. There are discontinuities at x = -90 microns 
and x = 0 in the concentration profile. The discontinuity at x = -90 
microns corresponds to the extent of the grain boundary chromium rich 
phase in the microstructure. The discontinuity at x = 0 is due to a 
phase change. The stainless steel side of the couple is ferritic 
as seen in the Fe-Cr phase diagram, figure 2. The mild steel side is 
austenitic as discussed in section 4.2.3.1. As chromium diffuses into 
the austenitic mild steel the ferritic phase is stabilized (figure 2). 
The diffusion coefficient for the ferritic AISI 446 side is 
obtained by: using the method of analysis described in section 2~4.402. 
for a two phase system. For the concentration profile plotted in 
figure 72, e as defined' in equation (8), section 2.4.4.~is plotted 
as a function of distance in figure 74. The line drawn is obtained 
using the leas t squares method, section 3.5.1, from whose gradient the 
diffusion coefficient can be calculated. Errors are determined for the 
95% confidence Umi ts as described in section 3.5.2. The dis tance in 
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figures 72 and 74 is measured with respect to the moving interface. 
Concentration profiles and microstructures in the temperature 
range 850 to 10000C have similar features to that at 800°C and were 
analysed in the same manner. The discontinui ty at x = -90 microns in 
figure 72 is less pronounced at higher temperatures. Diffusion 
coefficients determined for the temperature range 800 - 1000oC. are 
given in table 22. 
At 1100 (figure 75) and 12000C the concentration profiles showed 
no discontinuity implying a single phase system. The Fe-Cr phase 
diagram with 0.4% carbon (figure 67) shows that at these temperatures 
a Fe-27Cr alloy containing sufficient carbon is aus teni tic. During 
heat treatments carbon could have diffused from the mild steel to the 
stainless steel. Therefore for these two temperatures the Ma1J.ano-
Boltzmann analysis (section 2.4.4.1) is used to determine the diffusion 
coefficients quoted in table 22. 
The diffusion coefficients obtained from co-extruded AISI 446 
couples, table 22, are plotted on the Arrhenius plot, figure 62. 
Also plotted is the diffusion coefficient obtained from a chromium 
plated couple at 1200oC. The straight line is drawn using a least 
squares fit, section 3.5.1, for the temperature range 800 to 1000 oC. 
From its gradient and intercept the volume chemical diffusion coefficient 
for ferritic AISI 446 is defined by: 
= ( +0.54) 0.15 -0.12 -210 (+15») 2-1 ems 
RT 
where R is in kJ mol- 1 and the errors quoted are the 95% confidence 
Hmi ts. 
4.2.4 Iron Plated Couples 
The adhesion of iron plate to the substrate is unreliable. 
For some couples the iron plate parted from the substrate, in certain 
areas, after heat treatment. Examination in a scanning electron micro-
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scope revealed voids at the interface region. Concentration profiles 
obtained were analysed using the Matano-Boltzmann analysis, section 
2.4.4.1. Diffusion coefficients thus calculated are tabulated in 
table 23. For ease of comparison coefficients extrapolated from 
the co-extruded couple results are also tabulated. 
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5. D I S C U S S ION 
5.1 Interpretation of Corrosion Results 
5.1.1 Corrosion at 550°C 
In all the microstructures, figures 24 to 27, scales have 
separated from the alloys. Before mounting some scales had spalled 
away from the specimens into crucibles. In figures 26.2 and 27.2 
three sets of scale can be distinguished on specimens corroded for 
1000 hours. The scale sets are due to the heating and cooling of 
the furnace during corrosion. The history of the corrosion heat treat-
ment is described in section 3.3.3. The outer scale set corresponds 
to the 0 to 300 hour anneal. The middle scale set corresponds to the 
300 to 500 hour anneal. The inner set corresponds to the 500 to 
1000 hour anneal. Each time specimens cool the sulphide scales spall 
away from the substrate. A new set of scales grows when corrosion 
commences again. 
If a scale grows continuously with time, without spalling, and 
diffusion through the scale is rate controlling, parabolic kinetics 
are expected. Due to the occurance of spalling scales are unable to 
form a protective barrier which grows continuously with time. there-
fore parabolic kinetics are not observed. Owing to the time-dependent variations 
in microstructure and varying numbers and time intervals of thermal cycles, 
precisely linear kinetics are not expected. However, the average value of 
corrosion index (n=0.98 ± 0.13, Table 9) is quite close to unity. 
In figures 26.2 and 27.2 metal loss is greater at the corners. 
This can be explained by a corrosion mechanism in which the alloy 
recedes. Plastic deformation-of the scales inwards· is required to·main-
tain scale/alloy contact. As this cannot occur at corners,due to the 
geometry, a gap will occur between the scale and alloy: This results 
in the scale dissociating and thus increasing the sulphur partial pressure 
at the alloy/gap interface. Therefore metal corrosion is greater at 
corners due to the increased sulphur partial pressure compared to the 
rest of the specimen. This type of attack due to dissociation of scales 
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is observed in other studies (Mrowec, 1980). 
Scale I on aus teni tic steels, figures 25,26 and 27, has 
good contact with the receding alloy surface. This agrees with Rao 
(1978) who also observed good adhesion of the inner scale to AISI 310. 
No spalling of this scale has occurred. This different behaviour, from 
the other scales, can be explained by sulphur diffusing inwards, into 
the alloy and forming a sulphide layer. This results in a good bond 
between scale and alloy. The other scales are formed by metal from 
the alloy surface reacting with sUlphur out of the substrate. Therefore 
a weaker bond arises. 
No internal sulphidation has occurred beyond scale I of the 
austenitic steels (figures 25, 26 and 27). Grain boundary attack of 
ferritic AISI 446 (figure 24.1) has occurred. These surface grain 
boundaries (table 10) are depleted in chromium (Cr) and enriched in 
iron (Fe) and sulphur (S), after 300 and 1000 hours. The concentration 
profile along a line perpendicular to a grain boundary, 6 microns from 
the alloy surface, is shown in figure 28. The profiles shown are not 
the true depletion profiles due to the finite size of the volume 
exci ted in the alloy during micro-analysis. Chromium depletion at 
grain boundaries near to the surface should be contrasted with the Cr 
enrichment at grain boundaries in the center of the specimen (figure 
28). Cr enrichment at grain boundaries in the bulk occurs due to the 
presence of Cr carbides. 
Bulk grain boundaries orientated perpendicular to the boiler 
tube surface show enrichment only to 30 At.% Cr. Those oriented 
.parallel to .the .surface have enrichment .to 37 At.% Cr·.·· ·This difference 
is due to the formation of carbide strings (figure 17) along the tube 
direction during the co-extrusion process. 
There is no change in alloy composi tion at or near to the 
surface of AISI 310 (table 11). After 1000 hours the surface region 
of AISI 446 (table 10) is enriched in Cr and S, and depleted in Fe to 
a depth of 15 microns. This is due to the formation of internal Cr 
rich sulphides as seen in figure 24.2. 
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The composition of AISI 446 (table 10) and AISI 310 (table 11) 
scales remain constant with time. The only exception is at 300 hours 
for AISI 310 when the two innermos t scales have nickel (Ni) concentra-
tions of 20 and 33 At.% compared to Ni concentrations of 0 to 12 At.% 
at 100 and 1000 hours. Moving outwards from the alloy surface the er 
concentration of scales decreases and iron concentration increases for 
both AISI 446 and AISI 310. The innermos t scale of AISI 310 contains 
an average of 10 At. % silicon, whereas the remaining scales contain 
no silicon. The middle scales of AISI 310 contain no nickel. The 
outer powder scales of AISI 310, seen in microstructures 25.2, 26.1 
and 27.1 contain no chromium. 
As no significant depletion of anyone element is observed, 
there has been no selective sulphidation of anyone element. Therefore 
the ratio of total elements in all scales should be equal to the ratio 
of elements in the alloy and be independent of time. Cr concentrations 
of corresponding scales for AISI 446 and AISI 310 are equal. Fe 
concentrations are lower in AISI 310 scales. This is due to equal Cr 
concentrations 1n the two alloys, but a lower Fe concentration 1n 
AISI 310 (47 At.% Fe) compared to 68 At.% in AISI 446. The scale 
compositions are constant with time for both alloys as expected from 
lack of depletion. 
The determined linear corrosion rates (table 9) for mass gain 
and metal loss are equal for AISI 446, AISI 310, AISI 310 + Nb and Aged 
AISI 310. For these corrosion condi tions the difference in volume 
chemical diffusion coefficients of ferritic and austenitic steels has 
not affected the corrosion rates. As alloy depletion is negligible 
the Cr content of scales is _not affected b~ the different_ diffusion 
properties of ferri tic and austeni tic steels, and hence ou tward cation 
diffusion rates are similar (Mrowec, 1980) in the scales. The corrosion 
rate constant of 9Cr - lMo is twice that of the other alloys (table 9). 
This could be due to the lower alloy Cr concentration, resulting in scales 
with a lower Cr content and therefore less protective against sUlphid-
tion. Corrosion rates at this temperature could be determined by the Cr 
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content of alloys, and hence Cr content of scales, and also the 
frequency of scale spalling. Corrosion rates are independent of 
alioy diffusion coefficients. 
5.1.2 Corrosion at 650°C 
In all four alloys internal sulphidation has occurred, as seen 
in figures 32 to 35. The sulphide precipitate~ are rich in Cr and 
S, and depleted in Fe for both AISI 446 and AISI 310 (tables 13 & 14) . 
For AISI 310 these precipitates are also depleted in Ni. In AISI 446 
(figure 32) these precipi tates occur at grain boundaries only. The 
grain size of the austeni tic steels is approximately 20 microns and 
thus from figures 33, 34 and 35 it can be seen sulphide precipi ta tes 
occur in the matrix as well as at grain boundaries. Precipitates in 
AISI 310 + Nb (figure 34.1) are less coarse than those in AISI 310 
and Aged AISI 310 (figures 33.1 and 35.1) after 300 hours. The extent 
of internal sulphidation is on average 3.6 times greater in AISI 446 
than AISI 310, as seen in figure 31. Internal sulphidation behaviour 
is different for ferritic and austenitic steels. 
After 300 hours the alloy surface, marked by x = 0, coincides 
with the original alloy surface for AISI 446, AISI 310 + Nb and Aged 
AISI 310 (figures 32.1, 34.1 and 35.1). Errors in locating the original 
surface range from 3 to 15 microns. The measured metal loss for 
AISI 310 is 11 microns. As metal loss is negligible at 300 hours 
corrosion proceeds by metallic atoms diffusing through the alloy ou t-
wards to form sulphide scales. and sulphur diffusing inwards to form 
internal sulphides. As the location of the original surface remains 
unchanged no volume changes can have occurred in the alloy. Thus the 
outward flux of metallic atoms must be sufficient to allow enough space 
for internal sulfides to form, without causing large stresses. 
After 500 hours part of the internal sulphidation zone has 
transformed into an inner scale in AISI 446, AISI 310 and Aged AISI 
310 (figures 32.2, 33.2 and 35.2). .Inward diffusing sulphur has re-
sulted in sulphide precipitates growing until they link up to form a 
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continuous suJ,phide layer. It can be seen from figure 32.2 the 
outer scale of AISI 446 is dissociating providing a supply of sulphur. 
A well defined straight edge occurs at the location of the original 
surface which implies this plane has remained stationary. In AISI 446 
grain boundary attack ahead of the inner scale is occurring. In 
AISI 310 and Aged AISI 310 sulphides are forming in the grains before 
the inward growing scale reaches them. The presence of an inward 
growing scale, firs t observed at 500 hours, coincides wi tb the increase 
in metal loss rate (figure 30) at 500 hours for AISI 446 and AISI 310. 
After 500 hours AISI 310 + Nb (figure 34.2) is different from 
the other austeni tic alloys. Sulphide precipl tates have become coarser 
compared to 300 hours. However they have not grown sufficiently to 
link up and form a continuous inner sulphide layer. The difference in 
these alloys is the addition of Nb which is . Buppressing internal 
sulphidation. 
At 1000 hours the process of inward growing scale consuming the 
internal sUlphidised zone has continued, as seen in figures 32.3 and 
35.3, for AISI 446 and Aged AISI 310. The depth of internal sulphida-
tion (figure 31), measured from the new alloy surface, has decreased 
for both AISI 446 and AISI 310 between 500 and 1000 hours. This is 
due to the inward growing scale consuming the internal sulphidation 
zone faster than it grows. In AISI 310 + Nb (figure 34.3) consumption 
of the internal sulphidation zone by an inward growing scale is seen 
to occur. Sulphides in the alloy are forming ahead of the inward 
growing scale in all four alloys. 
Internal attack at the corners of .Aged -AISI -310, -after 500 
hours (figure 35.2), is equal to the extent. of internal attack at the 
sides. This implies there has been no preferential separation of the 
scales at the cornerS. Therefore the scales cannot have deformed p las ti-
callY inwards. To maintain scale/alloy contact the original specimen 
surface must remain stationary. This agrees with the original surface 
plane remaining stationary as observed in the micros tructures. 
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After 100 hours no depletion has occurred in AISI 446. In 
AISI 310 the Ni concentration at the surface has risen to 42 At.\!, 
(tahle 14). This is due to the energy of formation of Ni sulphides 
heing less than Cr and Fe sulphides. Therefore available Cr and Fe 
react with sUlphur hefore Ni, causing Ni enrichment at the surface. 
After 300 hours the average concentration profiles for AISI 
446 and AISI 310 (figures 36 and 37) are depleted in Cr and enriched 
in Fe and S. AISI 310 is also enriched in Ni. The ex tent of Cr 
depletion in AISI 446 is 80 microns and corresponds to the average 
depth of internal sulphidation of 76 microns ohserved optically (figure 
31). In AISI 310 the extent of Cr depletion is 20 microns (table 14), 
compared to 16 microns for the average depth of optically observed 
internal sulphidation zone. Diffusion of Cr outwards and Fe, Ni and 
S inwards is occurring mainly in the zone where internal sulphide 
precipitates have formed. 
Inner scales are rich in Cr and outer scales are rich in Fe 
(tables 13 8< 14). The middle layer of AISI 446 has a composi tion equal 
to the Fe Cr2S4 spinel, and agrees with Narita's (1984"" experiment. 
The Cr content of inner scales has increased between 100 and 
300 hours for hoth AISI 446 and AISI 310 (tables 13 8< 14). This is 
a result of Cr depletion commencing between 100 and 300 hours. Cr 
depletion allows inner scales of a higher Cr content to form. 
By integrating concentration profiles and using steel densities 
the mass of transferred inward and outward diffusing metallic species 
can he calculated. 3.6 and 1. 9 mg cm -2 of Cr has diffused out of 
AISI 446 and AISI· 310 respectively after 306 hours. The larger flux 
of Cr out of AISI 446, compared to AISI 310, results in the inner 
scale of AISI 446 containing 37 At.\!, Cr compared to 29 At.\!, er for 
AISI 310. The higher mohili ty of Cr in the internal sulphidation zone 
results in a scale with greater Cr content at 300 hours. 
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Concentration profiles determined using spot analyses at 
points distant from grain boundaries and sulphide precipitates give 
atomic concentrations in the grain matrix. These matrix concentration 
profiles (figures 38 and 39) show the deptb of depletion and enrich-
ment is less in the matrix tban the average depletion/enrichment for 
lines parallel to the alloy surface. For AISI 446 matrix Cr 
depletion extends to 20 microns compared to 80 microns for the average 
depletion. For AISI 310 matrix Cr depletion extends to 15 microns 
compared to 20 microns for average depletion. The depth of sulphur 
penetration into the grain matrix (figures 38 & 39) is less than the 
Cr depletion or Fe enrichment of the lattice for both AISI 446 and 
AISI 310. The extent of Cr,Fe, Ni and S diffusion observed in average 
profiles cannot be explained by volume diffusion in the grain matrix. 
Spot analysis concentration profiles of tbe zone adjacent to 
grain boundaries are shown in figures 40 and 41 for both AISI 466 and 
AIS>I 310. The extent of the metallic zones is 4 microns and sulphur 
extends to 1 micron for both alloys. Spatial resolution in micro-
analysis is approximately 1 micron. Diffusion of sulphur into the 
grain matrix is small due to the low permeability of SUlphur in steels. 
The gradient of the Cr profiles shows chromium has diffused towards 
the grain boundaries. 
During alloy depletion/enrichment tbere has been relatively 
little volume diffusion. Diffusion of Cr towards grain boundaries has 
occurred. The extent of Cr depletion and Fe, Ni and S enrichment is 
explained by enhanced diffusion along high diffusivity paths. These 
paths could be grain boundaries, precipitates or the precipitate/matrix 
interface. 
The extent of internal sulphidation is 3.6· times greater in 
AISI 446 than AISI 310, as seen in figure 31. This is a result of 
the higher mobility of sulphur and metallic speCies in the sulphidised 
zone of AISI 446, as seen in the concentration profile in figure 36. 
Due to .tbe higher mobili ties of atomic species in the alloy, reactants 
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can come together quicker and sulphidisation proceed at a higher 
rate ifu. AISI 446 than AISI 310. This explains the greater mass 
gains for AISI 446, seen in figure 29. The value of n is 1. 66 for 
AISI 446 compared to an average value of 0.92 ± 0.24 (table 12) for 
the remaining alloys. This is due to the difference in internal 
sulphidisa tion. 
Protective parabolic kinetics, for which n = 0.5, has not 
occurred. This is due to scales spalling and extensive internal sulphi-
disation. Assuming a linear corrosion rate, the rate constant for mass 
gain (table 12) is similar for AISI 310, AISI 310 + Nb, Aged AISI 310 
-6 -2 -1 
and AISI 316. The average rate cons tant is 8 x 10 mg cm s 
for these four alloys. The rate constant for 9 Cr - lMo is 14 x 10- 6 
-2 - 1 
mg cm s 
At 650°C extensive depletion due to enhanced diffusion in the 
internal sulphidation zones of AISI 446 and AISI 310 has occurred. 
The greater mobili ty of Cr in AISI 446 has resulted in scales of a 
higher Cr content compared to AISI 310. The higher Cr content of 
AISI 446 scales has not reduced the corrosion rate of this alloy due 
to scale spalling. The original plane of the alloy surfaces remains 
stationary up to 300 hours. Diffusion through the internal sulphidisation 
zone has allowed the corrosion reaction to proceed. The greater 
diffusion rates in ferritic AISI 446 has resulted in larger corrosion 
rates than the aus teni tic steels. Diffusion processes in the alloy, 
and not through the scales, could be the rate controlling step. 
5.1.3 Corrosion at 700°C 
Internal sulphidation has occurred in AISI 446, AISI 310, 
AISI 310 + Nb and Aged AISI 310 (figures 45 to 48). Internal sulphi-
dation is on average 3 times greater in AISI 446 than AISI 310 (figure 
44). Sulphide precipitates are localised to grain boundaries in AISI 
446 and AISI 310 + Nb. In AISI 310 and Aged AISI 310 they are dis tri-
bu ted throughout the matrix. Nb addi tion to aus teni tic steel has 
altered the internal sulphidation behaviour. Precipitates are rich in 
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er and S (tables 16,17 and IS) and depleted in Fe and Ni for botb 
ferritic and austenitic steels. Precipitates in austenitic steels 
(figures 46,47 & 4S) have coarsened between 500 and 1000 hours. 
Bu t tbey have not grown sufficiently to form a continuous sulphide 
layer. 
Outer scales in figures 45.1, 45.2, 46.2 am 4S.2 can be seen 
to be dissociating. This dissociation of sulphide provides sulphur 
for internal sulphidation. 
In figures 4S.1 and 48.3 internal sUlphidation is the same 
at corners and s traigh t edges. Thus there has been no preferential 
scale dissociation at the corners due to scale separation. Scale/alloy 
contact is therefore similar at corners and straight edges. There-
fore, scales cannot have deformed plastically inwards as this would 
lead to loss of contact at corners. For scale/alloy contact to be 
maintained the ini ti al alloy surface cannot recede ,un1ess inward scale 
grow th occurs. 
In the alloy microstructures (figures 45 to 48) the location 
of tbe original alloy surface is wi thin 6 microns of the surface after 
corrosion. Metal loss (figure 43) for AISI 446 and AISI 310 does 
not increase with time. However mass gain (figure 42) for these alloys 
does increase with time. Corrosion, as measured by mass gain, is not 
accompanied by metal recession. Therefore metal for scale formation 
must come from wi thin the alloy, resulting in depletion of the alloy 
surface region. 
The. alloys are depleted in er and enriched in S at 100 hours 
and afte.,::, as seen in figures 49 to 54. In ferritic AISI_ 446 (table 16). 
er depletion has occurred to the same extent as the optically observed 
internal sulphidation zone. In AISI 310 (figures 52 & 53) and AISI 
310 + Nb (figure 54) the extent of er depletion equals S enrichment. 
The extent of optically observed sulphide precipi tates is less than the 
er depletion and S enrichment zones. 
The depth of er dep letion is greater in ferri tic AISI 446 than 
austenitic AISI 310 and AISI 310 + Nb. Integration of depletion profiles 
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-2 
after 100 hours leads to a chromium loss of 3.4 mg cm for both AISI 
446 and AISI 310. The extent of Cr depletion in AISI 446 Is 80 microns 
compared to 40 microns in AISI 310, whereas the Cr interface concen-
tration In AISI 446 has fallen to 15 At.% compared to 5 At.'" in 
AISI 310. After 300 hours 8.0 mg cm -2 of Cr has left AISI 446 com-
-2 pared to 3.2 mg cm from AISI 310. This has resulted in the Cr inter-
faee ,concEmtratioll! dropping to 5 At.% in AISI 446. In AISI 310 the 
interface concentration has recovered to 12 At.% Cr, as no er was lost 
from the depletion zone between 100 am 300 hours. After 300 hours the 
greater Cr depletion in AISI 446 has given an inner scale with 53 
At.% Cr compared to 33 At.% for AISI 310. 
-2 For AISI 310 chromium los t from the depletion zone is 3.4 mg cm 
-2 
after 100 hours and 3.2 mg cm after 300 hours. There has been no net 
outward flux of Cr after 100 hours. Metal loss (figure 43) has increased 
from 13 to 14 microns between 100 and 300 hours. The increase in mass 
gain (figure 42) after 100 hours cannot~ be explained by metal recession 
or alloy depletion. 
Matrix depletion for AISI 310 (figure 55) ,obtained using spot 
analyses avoiding sulphides, extends only to 10 microns compared to 
45 microns for the average profile (figure 53). The extent of the 
average Cr depletion cannot be explained by volume diffusion in the 
lattice alone. Diffusion along high diffusivity paths must be occurring. 
The concentration profiles (figures 49 to 55) show that enrich-
ment of Fe has occurred in AISI 446 and of Fe and Ni in AISI 310 and 
AISI 310 + Nb. As metal recession is negligible (figure 43) this 
creation of metal cannot be explained. Errors ~are occurring in~ measure-
ment of metal loss or else element concentration determination during 
mi cro- analysis. 
The Cr content of AISI 446 scales (table 16) does not change 
between inner and outer scales. For austenitic steels (tables 17 & 18) 
the Cr content of the outer scales is greater than the inner scales. 
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The er content of ferri tic scales is greater than aus teni tic scales 
due to the greater mobili ty of Cr in the depletion zone of ferri tic 
AISI 446. For both AISI 446 and AISI 310 the Cr content of the 
inner scales increases between 100 and 300 hours. After 300 hours 
the Cr content of AISI 446 inner scale decreases. Cr concentration 
of scales varies with time due to alloy depletion. 
The mean value of index, n, for mass gain (table 15) is 
0.76 ±0.07. The corrosion rate was therefore assumed to obey the 
following equation: 
i k 0·75 mass ga n = O. 75 t (1) 
where kO.75is the rate constant. The reason for cboosing n = 0.75 
inst .. ad of 0.76 is discussed later. Plots of mass gain as a function 
a. 75 
of t (figure 42) showed agreement between experimental data and 
equation (1). The rate constants (table 15) for AISI 446 and AISI 
310 are equal. The higher Cr content of AISI 446 scales has not 
changed the corrosion rate. This implies diffusion in the scales is 
not the rate controlling step, as diffusion rates in scales are depend-
ent upon their- composition. An alternative rate controlling step is 
diffusion in the alloy. As recession of the original surface is 
negligible diffusion in the alloy surface region is required to bring 
reactants toge ther for sulphidation to proceed. 
5.1.4 Comparison of corrosion at 550, 650 and 700·C 
Features of sulphidation at 550, 650 and 700·C are summarised 
in table 24. At 650 and 700·C internal sulphidation is accompanied 
by Cr depletion of the alloy. This does not occur at 550·C. As a 
resul t of Cr depletion the Cr concentration of scales varies wi th time 
at 650 and 700·C. At 550·C ferritic and austenitic steels have inner 
scales with similar Cr contents, which stay constant with time. This 
is because alloy depletion does not occur at 550·C and the two alloys 
have similar Cr concentrations. 
Due to the greater Cr depletion of ferritic AISI 446, at 
• 650 and 700 C, the Cr con ten t of the inner scales is gre ater than the 
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aus ten! tic steel. The Cr content of AISI 446 inner scales increases 
with temperature. There is no definite trend in variation of AISI 
310 scale composi tion wi th temperature. The increased Cr content 
of AISI 446 inner scales at 650 and 700°C has not reduced the corrosion 
rate (figure 76) compared to AISI 310. 
Corrosion rates (figure 76) at 550 and 700°C are similar. 
Ini tially the corrosion rate at 700°C is larger than that at 55d' C. 
However. this difference decreases with time as mass gain at 70c:PC is 
proportional to to: 76. whereas mass gain is linear with time at 550°C. 
Corrosion of AISI 310 at 650°C is less than that at 550°C. Normally 
chemical reaction rates increase with temperature. In this study re-
action rates have not increased with increasing temperature. This 
sugges ts the rate controlling step changes between 550 and 650°C. 
At 550°C diffusion in scales could be the rate controlling step. where-
as at 650 and 700°C much slower diffusion in the alloy could be the 
most important rate controlling step. The different corrosion laws 
at 550 and 700°C also suggests the rate controlling step is different. 
Corrosion of AISI 446 after 1000 hours at 650°C is signifi-
cantly greater than that at 550 and 700°C. This is due to in ternal 
sulphidation of AISI 446 being 3.5 x greater than AISI 310. These 
" ° internal sulphides at 650 C coalesce to form an inward growing scale 
causing a rapid increase in mass gain. 
Two dis tincti ve corrosion mechanisms are in operation. At 
550°C (figure 77) metal from the alloy surface reacts with SUlphur to 
form a scale. This loss of me tal from the alloy surf ace causes it to 
recede and_hence metal loss" occurs. The scale mus"t deform- plastically 
inwards to maintain scale/alloy contact. At 650 and 700°C (figures 
78 and 79) internal sulphidation occurs. Diffusion in the internal 
sulphidation zone allows reactants to come together for corrosion to 
° proceed. At 650 C the internal sulphides grow until they connect to 
form an inward growing scale resulting in metal loss. At 700°C this 
does not happen and metal loss is negligible. 
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At 550°C possible rate controlling steps are diffusion in 
the scale and" the frequency of spalling. At 650 and 700°C an extra 
possible rate controlling step is diffusion in the alloy. 
At 550°C the corrosion rate of 9Cr - lMo is twice that of the 
other alloys (table 9), at 650°C it is approximately 1.8 times that 
of the other alloys (table 12) and at 700°C (table 15) it is equal to 
or less than that of the other alloys. At 550 and 650°C the higher 
corrosion rate of 9Cr - lMo could be explained by the low chromium 
content. A high corrosion rate of 9Cr - lMo would be expected at 
700°C if alloy chromium content was significant. A possible explana-" 
tion to this is that at 550 and 650oC,9Cr - lMo is martensi tic and 
therefore has a highly stressed structure resulting in poor scale 
adhesion. At 700°C the stresses in the martensite , will be relieved, 
as the transformation to austeni te commences and thus scale adhesion 
is improved. 
5.2 Relation of Corrosion Results to Previous Studies 
Rao (1978), Nari ta (1984)' and Zelanko (1974) observe parabolic 
kinetiCS, whereas in this study corrosion rates are linear or between 
parabolic and linear. An exception is ATSI 446 at 650°C which follows 
a corrosion law whose rate increases with time. Mass gains at 100 and 
1000 hours, calculated from published data, are presented in table 1. 
Some of these have been calculated outside the time range in which 
they were determined. The mass gains of Zelanko (1974) are similar 
° to those at 550 C (figure 76). The mass gains of Rao (1978) and Nari ta 
(1984j are much greater than those measured in this experiment (figure 
° 76) at 650 and 700 C. The departure from parabolic kinetics and large 
- " -
differences in mass gains of this work compared to others indicates 
a different corrosion mechanism is being observed here. 
At 550°C (table 9) 9Cr - 1Mo has a corrosion rate twice that 
of the other alloys. Zelanko (1974) shows that corrosion resistance 
° at 540 C improves Significantly with increasing alloy Cr content. This 
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is a:j:tributed to the increasing er concentration of the inner scales 
reducing outward cation diffusion (Mrawec, 1976~. This implies that 
at 5500 e outward diffusion in the scales is a rate controlling step 
for this study. Hence corros ion rates observed in this work are 
similar to those determined by Zelanko. However spalling followed by 
protective scale growth occurs resulting in a linear corrosion law. 
This is similar to the 'microcataclysmic' corrosion described by 
Dravnieks (1955). The corrosion rate of alloys at 550 0 e is deter-
mined by the frequency of spalling as well as outward cation diffusion 
in the inner scale. 
At 650 0 e inward and outward scale growth occurs by the same 
mechanism as that described by Dravnieks (1948) in which no plastic 
deformation of scales occurs. A similar mechanism is described by 
Nari ta (1973), as depicted in figure 8. Nari ta assumes 5 diffusion 
is negligible in the intermediate layer. 5 is liberated by dis-
sociation of the intermediate scale causing porosity. No porosity of 
the intermediate scale is observed in this study and so 5 must diffuse 
inwards through cracks in the scales. 
Rao (1978) and Nari ta (1984r suggest the corrosion rate is con-
trolled by outward cation diffusion in the er rich scales. In this 
experiment at 650 0 e the inner boundary of the initially formed scale 
remains stationary. Metal loss occurs when internal sulphides coalesce 
to form an inward growing scale. At 700 0 e the original metal surface 
remains stationary. At 650 and 700 0 e no inward plastic deformation 
of scales occurs. For scales to form outside the plane of the original 
metal surface cations have to. diffuse outwards through the alloy sur-
.. f.Bc.e _z.one .... _I.t.ls_py.op.o.!le.c! .1;.h~t _<!i.ffus!on. in .~h~ . .!'l].ElC,_.a~d. no.t !~.the .. 
scale, is the rate controlling step. To explain the reduced corrosion 
rates, for this study at 650 and 700oe, diffusion rates in the alloy 
must be less than those in the scales. This change in corrosion mech-
anism explains why corrosion rates at 550 0 e are similar to those at 
° ° 700 e, and greater than those at 650 e for AISI 310. The corrosion 
rate does not follow a parabolic law as diffusion along high diffusivi ty 
paths is dominant. 
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A consequence of diffusion in the alloy being the rate con-
trolling step is that improved corrosion resistance will result 
from decreased alloy diffusivi ties. This should be contrasted to the 
use of ferri tic steels to increase the Cr supply to the alloy 
surface in order to encourage protective scale formation. 
As in other studies the least nohle metal (Cr) forms the inner 
scale and the more nohle metal (Fe) forms the outer scales at 550 and 
by Rao 
The measured scale compOSitions corespond to 
~ (1978) and Nari ta (1984). Rao (1978) shows 
those reported 
that corrosion 
rates decrease with increasing Cr content of the Cr rich scale. This 
is due to the decrease in defect concentration wi th increasing Cr 
content. This is a result of the greater Gibbs energy of er sulphides 
compared to Fe sulphides (Mrowec, 1980). At 650 and 700°C the Cr 
content of the Cr rich scales is significantly larger in AISI 446 than 
in AISI 310. This does not resul t in a reduced corrosion rate as 
diffusion in this scale is not thought to be the only rate controlling 
step. 
Mrowec (1976)1 shows that corrosion rates decrease markedly 
with increasing alloy Cr content (figure 6) due to the formation of 
scales with higher Cr contents. At 700°C corrosion rates have not 
decreased with increasing Cr content (table 15). This is explained 
hy scale diffusion not being the only rate controlling step. At 650°C 
AISI 446 corroded more rapidly thsn the other steels due to greater 
internal sulphidation resulting in more rapid inward scale growth. 
Rao (1978) observes a random distribution of internal sulphide 
precipita-tes in -the austenitic-matrix-of AISI 310.- -In ferritic Fe-
26.6 Cr Narita (1984j observes that sulphide precipitates are located 
at grain boundaries only, except at 900°C wbere the depleted zone may 
be austeni tic. This agrees with the present work where internal 
sulphide precipi tates are randomly distributed in the austeni tic 
steels and localised at grain boundaries in ferritic AISI 446. An 
° exception is austeni tic AISI 310 + Nb at 700 C where sulphide preci-
pitates occur only at grain boundaries. 
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Sulphur for internal sulphidation originates from the 
dissociation of 
Nari ta (1984t. 
the inner part of the outer scales. Th is agrees wi th 
However, Rao (1978) observed 
scale dissociated. Mrowec (1980) and Narita 
the Cr rich intermediate 
... (1984) suggest the S 
reaches the alloy by diffusion through dissociative microcracks and 
pores of the intervening scales. Rao (1978) describes the inward 
diffusion of S through cracks as negligible. In this work inward 
diffusion of S through the Cr rich scales must be occurring due to the 
greater dissociation of outer scales compared to inner scales. 
In this work steels have been 
than times used in the studies of Rao 
corroded for times much longer 
I . (1978), Nari ta (1984) and Zelanko 
(1974), table 1. Different corrosion mechanisms have been observed. 
At 650 and 700°C diffusion processes in the alloy are thought to be 
the dominant rate controlling step. Ei ther the rate at which the 
internal sUlphidation zone is established or else outward cation diff-
usion could be the rate controlling processes. To understand the 
corrosion mechanism alloy chemical diffusion coefficients are required. 
5.3 Diffusion Data for Corrosion Analysis 
In this section the results from Cr-plated, co-extruded and 
Fe-plated couples are discussed separately. Methods to obtain diffusion 
data are compared and the sui tabili ty of derived data for corrosion 
analysis is considered. 
5.3.1 Cr-plated Couples 
The chromium plating techniques employed are successful in 
providing adherent coatings. There has been no evl(J,mce of separation 
of the chromium coatings or voids during heat treatment. The chromium 
layers deposi ted are pure as shown by electron probe micro-analysis, 
figure 57. 
The concentration profile of chromium plated pure iron, without 
heat treatment, is shown in figure 57. This shows the effect of the 
finite size of the X-ray generation volume in the specimen, on 
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excitation by the electron beam during microanalysis, at the inter-
face of a couple. When the electron beam is striking the iron side 
of the interface, chromium is fluoresced on the chromium side. 
This increases the chromium count rate, giving a chromium concentra-
tion greater than its true value. The energy of chromium X-rays is 
lower than that of iron X-rays, therefore when the electron beam is 
on the chromium side of the interface this fluorescence of the other 
side cannot happen. This explains why the chromium concentration 
profile is broader on the iron side (figure 57). 
During heat treatment of austeni tic couples mass transfer has 
occurred across the interface, as BeeD in figures 58, 59 and 60. 
At temperatures of 850, 900 and 950°C chromium diffusing into the stain-
less steel has stabilised the sigma phase. This is stable at chromium 
concentrations of 30 wt.% and above as established by Hattersley (1966), 
whose ternary phase diagram is given in figure 80. Carbon diffusing 
from the stainless steel into the chromium layer has reacted wi th the 
chromium to form a layer of carbides. This implies chromium carbides 
are more stable in the chromium plate than in the stainless steel due 
to the higher chromium concentration. The diffusion zone is much 
wider on the chromium plated side of the couple than on the stainless 
steel side (figures 58 and 59). This is due to the ferritic structure 
of pure chromium, as seen in the phase diagram, figure 2, and the 
very fine grain structure of chromium electrodeposi ts. Thus diffusion 
will be much more rapid in the Cr-plate than in the austenitic steel. 
The diffusion coefficients for Cr-plated AISI 310 at 850, 
900 and 950°C are inconsistent (table 19). The coefficients obtained 
from the 35-2 and 358 hour anneals at 900°C are one order of magni tude 
less than that obtained using a 116 hour anneal. Those at 950°C are 
smaller than those at 850°C. This anomalous behaviour implies that 
the formation of carbide and sigma phase layers, observed on all 
examined diffusion couples, influences the transfer of chromium. The 
occurrence of other phases invalidates the use of the Matano-Boltzmann 
analysis in determining diffusion coefficients. 
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At l200 oC, figure 60, chromium has diffused into the AISI 310 
stainless steel causing the transformation of the austeni te into 
another phase. From the Fe-Cr phase diagram (figure 2) it can be 
seen this phase is ferri te. This change in phase causes the dis-
continuity in the concentration profile (figure 60) at x = 85 microns. 
No carbide or sigma layers have formed at the interface of this 
couple due to the.'much higher temperatures. The diffusion coefficients 
calculated (table 19), using the two phase analysis, are for the 
ferri tic phase only. 
No significant chromium diffusion has occurred across the 
chromium plated AISI 446 couple,(figure 6l)at 900°C. At 850°C 
calculated diffusion coefficients (table 19) for the ferritic steel 
were equal to those for austenitic AISI 310. This lack of diffusion 
into ferritic AISI 446 is due to the formation of carbide and chromium 
rich layers which must act as a barrier to chromium diffusion. 
At l200 0 C chromium diffusion has occurred into the AISI 446 
steel, due to the absence of any interface phases. The diffusion 
coefficient calculated from this couple, using tbe Matano-Boltzmann 
analysis, is given in table 19 and plotted on the Arrhenius plot, figure 
62. It can be seen that this coefficient agrees with the data obtained 
from co-extruded couples when extrapolated to the higher temperature. 
The coefficient for ferritic AISI 446 at l200 0 C is one order 
of magnitude less than that for the ferritic phase growing into the 
AISI 310 couple (table 19). This difference is due to the different 
materials for which the coefficients are determined. The coefficient 
for AISI 446 has been determined from' a chromium concentration- range 
of 30 to 38 At.%. That for the ferritic phase in AISI 310 has been 
determined from a chromium concentration range of 46 to 65 At.% and 
nickel is also present. 
In both chromium plated AISI 310 and AISI 446 diffusion couples, 
layers of chromium carbides, sigma and other chromium rich phases have 
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res tricted diffus ion. 'These layers ex is t due to the thermodynamic 
s tabili ty of the compounds which form. Any chromium passing through 
these layers wi 11 associate with these compounds due to their lower 
Gibbs free energy relative to the adjacent alloy and chromium plate. 
'Thus these layers act as diffusion barriers. This explanation is 
similar to that used by Mrowec (19761 to account for the reduced 
defect concentrations, and hence reduced diffusivi ties, of the more· 
thermodynamically stable oxides and sUlphides. 
'The restriction of diffusion has industrial applications. 
Diffusion is a problem in electronic devices, where the life of com-
ponents is determined by diffusion rates. 'The objective in the semi-
conductor industry can be to reduce diffusion in order to achieve 
longer component life. 
5.3.2 Co-Extruded Couples 
5.3.2.1 Control Couples 
'The concentration profiles of the non-annealed AISI 310 and 
AISI 446 co-extruded couples, figures 63 and 71 respectively, should 
be compared wi th that of the chromium plated iron control couple, 
figure 57. In comparing it should be noted that the distance scales 
are the same, but the concentration scales are expanded in figures 63 
and 71. 'The profiles are the same in shape and extent. 'Therefore the 
diffusion of chromium across the interface during co-extrusion is in-
significant compared to the effect of the finite size of the irradiated 
volume during microanalysis, as discussed in section 5.3.1. For 
narrow concentration profiles, obtained at low temperatures or after 
short _anneal times, the effect of ·-the ·pre-annea1 profile -is important. 
Results reported here were taken from profiles of sufficient width to 
ensure this source of error is insignificant. The narrowest concen-
tration profile used to determine coefficients is shown in figure 64. 
5.3.2.2 Microstructures 
No interfacial phase layers are seen to grow on annealing co-
extruded couples (figures 65 and 73). 'This should be contrasted to 
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the sigma and carbide layers which formed at the interfaces of 
chromium plated couples (figures 58, 59 and 61). In fact from the 
microstructures (figures 65 and 73) of co-extruded couples, it can 
be seen that outward diffusion of chromium from the stainless steels 
has resulted in the dissolving of the sigma phase in austenitic 
steels and the chromium rich phase in the ferri tic AISI 446 steel. 
A similar process of chromium rich phases dissolving into solution 
can be expected to occur when chromium depletion of the surface region 
occurs during corrosion. 
The change in micros tructure at x = -480IJlIl for the AISI 310 
couple (figure 65) is due to carbon diffusing into the stainless 
steel from the mild steel. 
5.3.2.3 Diffusion Coefficients 
The co-extruded austenitic/mild steel couples are austenitic 
on both sides at gOOOC and above. This is because mild steel trans-
forms from ferri te to austeni te as the temperature is increased. There-
fore the Matano-Boltzmann analysis was employed to derive diffusion 
coefficients. The diffusion coefficients quoted in tables 20 and 21 
have large errors. These errors arise due to the calculation of the 
profile gradient in the Matano-Boltzmann analysis. To calculate the 
gradient at a certain point on the profile, the differences of values 
of adjoining points are determined. As these differences can be small, 
especially at the tails of a concentration profile, errors will be 
large. Errors also arise as the average diffusion coefficient is cal-
culated from coefficients which can vary with chromium concentration. 
No definite trends in variation of diffusion coefficient with chromium 
concentration were established. 
For the temperature range 800 - 10000C the co-ex truded AISI 
446/mild steel couples are ferri tic on one side and aus tent tic on 
the other. For these couples the analysis for two phase systems is 
applicable. In this analysis a plot of e, defined in section 2.4.4.2, 
as a function of distance (figure 74) is required. The straight lines 
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determined have Pearson's Correlation Coefficients in the range 
0.994 to 0.999. This shows good agreement between experimental 
data and the mathematical analysis for a two phase system wi th moving 
interface. At 1100 and l200 0 C the AISI 446 couples are austenitic 
., 
on both s ides requiring the Ma tano-Bol tzmann analysis. Errors in D 
(table 22) are smaller than those for the austeni tic couples (tables 
20 and 21). 
At 800°C (table 20) the diffusion coefficients for AISI 310, 
AISI 310 + Nb and Aged AISI 310 are equal wi thin the Umi ts of the 
experimental errors. Ferri tic AISI 446 has a diffusion coefficient 
at least two orders of magnitude larger than the austenitic steels, 
in accordance wi th what has been determined previously by other 
au thors (figure 14). 
From the Arrhenius plot (figure 70) of the results in table 
21 the chemical diffusion coefficient for AISI 310 is found to be: 
+1.04 
D = 0.27(_0.22) exp ( -264 (±16») cm2s-1 
RT 
The correlation coefficient for the straight line in figure 70 is -0.992 
showing reasonable agreement between the experimental data and theory. 
The large 95% confidence limits for Do arises since the value of Do is 
calculated at 1/ , = 0, whereas the experimental data are in the range T 
1/ = 6.8 X 10-4 to 1/ = 9.3 x 10-4 K-1. Therefore diffusion coe-T T 
fficients calculated in or near the temperature range 800 to 1200 0 C 
will have much smaller confidence limits and hence will be of a higher 
accuracy than that suggested by the above expression. 
, -Diffusloii-coeffiCients- for- AISY-44S--(table -22) -are-j,lo-ttedo-n 
the Arrhenius plot (figure 62). The diffusion coefficients obtained 
at 1100 and l200 oC, from co-extruded couples, are nearly two orders 
of magnitude less than those expected by extrapolation of data from 
lower temperatures. This is due to the AISI 446 being austenitic 
(figure 67) at these temperatures. The diffusion coefficient at l200 oC, 
_____ iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii==========-=-:' -=' - -- - - ----, -- - ---
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determined from a chromium plated couple, agrees with data extra-
polated from lower temperatures. This is due to the inward diffusing 
chromium stabilising the ferritic phase (figure 67). These results 
at 1200° C imply that AISI 446 is on the y /<X phase boundary at this 
temperature. The chemical diffusion coefficient for AISI 446 in the 
° temperature range 800 - 1000 C is given by 
., +0.54 
D = 0.15 <-0.12 ) ( -210 (±15),) exp 
RT 
The Pearons's Correlation Coefficient for the straight line fit 
(figure 62) is 0.996 indicating good agreement between experiment and. 
theory. The large error in Do occurs due to the same reason as dis-
cussed previously for AISI 310. 
5.3.3 Iron plated Couples 
Diffusion coefficients determined from iron plated AISI 310 
couples (table 23), at 650' and 700°C, are two orders of magni tude 
greater than those extrapolated from co-extruded results. The 
coefficients, calculated from Fe-plated AISI 446 couples (table 23), 
are the same order of magnitude as those extrapolated from co-extruded 
resul ts. The anomalous behaviour for AIS I 310 could be explained by 
the voids at the interface region of the couple. These voids could act 
as sources of vacancies which would aid diffusion. Also enhanced diffu-
slon may occur over the surface of these voids. 
The results from iron plated couples are unreliable. This is 
probably due to the poor adhesion of the Fe-plate to the stainless 
steel surface. 
5.3.4 Comparison of Methods to Derive Diffusive Data and their 
Sui tabili ty for Analysis of Alloy Depletion during Corrosion. 
Chromium plated couples have shown how carbide, sigma and 
chromium rich phases act as a barrier to chromium diffusion. In co-
extruded couples ou tward diffusing chromium has resulted in the break-
down of chromium rich phases. Voids at the interface region of iron 
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plated couples have resul ted in enhanced chromium diffusion. These 
three experimental techniques illustrate how the formation and 
breaking down of chroDi:um rich phases and presence of voids can 
influence alloy chemical diffusion. These effects could play an 
important role in influencing alloy depletion during corrosion. 
Of the three techniques employed co-extruded couples have 
enabled reliable diffusion data to be determined. This data is plotted 
on the Arrhenius plot, figure 14, together with other published data. 
It can be seen that the derived data for both austeni tic AISI 310 
and ferri tic AISI 446 are in agreement wi th published da-1ca for other 
material compositions. These two materials have been studied due to 
the large difference in the magni tude of the diffusion coefficients. 
At 950°C the diffusion coefficient of AISI 446 is two orders of mag-
nitude greater than that of AISI 310. This difference increases with 
decreasing temperature due to the lower activation energy of AISI 446 
compared to AISI 310. The activation energy of AISI 310 is 264 kJ mol- 1 
agreeing wi th those previously published (table 2). The data for 
AISI 446 was obtained in the composition range 15 to 28 at., Cr. 
Published ferritic activation energies (figure 13) range from 203 to 
231 kJ 
of 210 
mol- 1 for this -composi tion range. 
-1 kJ mol for AISI 446 agrees wi th 
Thus the activation energy 
those previously published. 
The agreement in activation energies show volume diffusion is being 
observed. 
Diffusion data from co-extruded couples have been determined 
down to 800°C. Anneal times to obtain data at lower temperatures can 
be predicted from the Matano-Boltzmann relationship: 
'V _ 
D(c) = 1 -dx 
2t dc fc x dc-
o 
It can be seen that the time, t, required to obtain similar 
profiles for different values of diffusion coefficient, ~, is inversely 
proportional to~. Estimates of the diffusion coefficient can be made 
by extrapolation of the derived data. Predicted anneal times to obtain 
profiles similar to those for AISI 310, figure 64, and AISI 446, figure 
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72, at 800°C are given in table 25. The data used is for volume 
diffusion. At lower temperatures enbanced diffusion will reduce 
tbe predicted anneal times. Given long enough anneals diffusion 
coefficients as small as lO-15 cm2s -1 should be obtained, allowing data 
to be obtained at 700 and 750°C from co-extruded couples. It is 
unrealistic to e~pect to obtain diffusion coefficients at 650°C and 
below using co-extruded couples. This is supported by the lack of 
diffusion across the interface of a co-extruded AISI 3l0/mild steel 
boiler tube, after service in a boiler for 27,700 hours at 400 to 
450°C. 
To obtain chemical diffusion coefficients smaller than 10- 15 
cm 2s- 1 diffusion couples with a well defined interface are required. 
A correction procedure could tben be used, to compensate for the 
apparent profile produced.by the finite size of X-ray generation 
volume during micro-analysis at the interface (figure 57). Iron was 
plated onto the stainless steels in order to achieve tbis. No relia-
ble diffusion data were obtained due to the poor adhesion of tbe iron 
plate to the substrate. Therefore more experimentation is required, 
as was done for chromium plating, to ensure iron coatings witb satis-
factory adhesion can be depOSited. 
Perkins (1973) has used a technique which allows diffusion 
coefficients as small as 10-IBcm2s -1 to be measured at temperatures 
down to 600°C. To achieve this radiofrequency sputtering is used to 
obtain a spatial resolution of 0.015 microns. This minimum diffusion 
coefficient should be compared to that of 10-15 cm2s -1 (table 25) for 
co-extruded couples. 
Balluffi (1982) has shown that grain boundary diffusion coe-
fficients can be determined by computer modelling, for a specific 
boundary data. The results agree witb experimental data to witbin an 
order of magnitude. This theoretical modelling is useful in helping 
to understand tbe atomistic processes which occur during grain boundary 
diffusion. Much more complex models would be required for commercial 
alloys which have a variety of grain boundary types and boundary 
precipitates. 
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During the anneal of a diffusion couple much larger quanti ties 
of matter are transferred compared to tracer techniques. Iin the 
former technique diffusion is being studied at chromium concentrations 
lower than the bulk alloy composition, compared to the latter where 
the er concentration is slightly above or equal to the bulk alloy 
composi tion. The direction of er movement in a couple is outwards 
from the stainless steel, as opposed to inwards for the tracer tech-
nique. This will cause the dissolving of any chromium rich phases 
in the former. Therefore it can be said that of the two experimental 
techniques, diffusion processes in a couple more closely resembles 
the actual diffusion processes which occur during alloy depletion in 
cor.rosion. The analysis of alloy depletion during corrosion requires 
the average chemical diffusion coefficient for the composition range 
of the Cr depleted zone. This coefficient is derived directly from 
diffusion couples for the correct composi tion range. 
5.4 Mathematical Interpretation of Alloy Depletion 
5.4.1 Maximum Depletion possible using Chemical Volume 
Diffusion Coefficients 
Metal recession at 650°C, up to 300 hours, and at 700°C, up 
to 1000 hours, is negligible. If metal loss is zero the corrosion 
constant, Kc, used by Wagner in the expression for alloy depletion 
(equation 9, section 2.2.2.3), is zero. The alloy depletion in this 
case is given by: 
erf{ x ) 
2ltt 
(1) 
where N (x, t) = concentration of A at distance x from 
. A _ 
surface after- ·time -t 
N (i) = surface concentration of A 
·A 
NA(b) = bulk concentration of A 
'jj = chemical diffusion coefficient 
For the maximum possib le deple tion N A (x, t) is a minimum. 
NA(x,t) is minimum when NA(i) is zero, (equation 1). Therefore the 
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the maximum possible depletion profile, assuming only volume diffusion 
occurs is given by: 
= ( 2) 
Using equation (2) the theoretical maximum depletion con-
centration profiles for AISI 446 and AISI 310 after 300 hours at 650 
and 700°C are plotted in figures 81:" and 82 respectively. 
o The AISI 446 theoretical profile for volume diffusion at 650 C 
(figure 81.1) is much smaller than the measured average profile (figure 
36). The extent of theoretical volume diffusion, 20 microns, corres-
ponds to the change in gradient at x '" 20 microns of the measured 
average profile. Its shape and extent also corresponds to the measured 
matrix profile (figure 38), if the points within 4 microns of the 
alloy surface are ignored. These points probably arise from the 
electron beam, during EPMA, irradiating Cr rich precipitates below 
the surface of the cross sectioned specimen. Thus wi thin 20 microns 
of the alloy surface alloy depletion is occurring via volume diffusion 
as studied in diffusion couples. At 700°C the measured average profile 
after 300 hours (figure 50) for AISI 446 is much greater than the 
theoretical volume diffusion profile (figure 82). The extent of the 
theoretical volume diffusion profile (40 microns) does not correspond 
to any defini te change in gradient of the average measured profi le at 
700°C. This could be due to the extent of measured volume diffusion 
being 40 microns compared to a grain si ze of 32 microns. Enhanced 
diffusion along grain boundaries, or precipitates at grain boundaries, 
is required to explain the greater ex ten t of the measured average 
profiles compared to the theoretical maximum volume diffusion profiles 
in AISI 446. 
For AISI 310 after 300 hours at 650°C the extent of theoretical 
maximum volume depletion is 0.8 microns (figure 81.2) compared to 25 
microns (figure 37) for the average measured profile. The extent of 
the matrix profile (figure 39), obtained using spot analyses avoiding 
° sulphide precipitates, is 16 microns. At 700 C, after 300 hours, the 
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extent of theoretical maximum volume depletion is 1.7 microns (figure 
82.2) compared to 48 microns for the measured average profile (figure 
53) and 12 microns for the matrix profile (figure 55). The extent 
of the measured matrix profiles cannot be explained by volume diffu-
sion as studied in diffusion couples. Diffusion in the matrix has 
been enhanced. This could occur by injection of vacancies into the 
grain matrix during corrosion, as described by Pickering (1967). To 
explain the extent of the measured average profiles enhanced diffu-
sion along grain boundaries, through sulphide precipi tates or at 
precipitate/matrix interfaces is required. 
Chemical diffusion coefficients can be estimated f"om the 
width of the matrix depletion zones using the equation: 
where 0 = width of depletion zone 
'V 
D = chemical diffusion coefficient 
t = time 
( 3) 
'V 'V 
Estimated D from matrix depletion zones are compared with D 
determined from diffusion couples in table 26. It can be seen that 
diffusion in the matrix of AISI 310 has been greatly enhanced com-
pared to that in AISI 446, during alloy depletion. Seo (1984) observed 
enhancement of lattice diffusion during the oxidation of Ni-er alloys 
and a Fe-30Ni alloy (Seo,1983). This enhancement of volume diffusion 
for AISI 310, but not for AISI 446, agrees with the diffusion data 
determined from Fe plated couples (section 5.3.3). It was suggested 
that the enhancement of diffusion in AISI 310 Fe plated couples, but 
not AISI 446 couples, _could- arise from "voids at the interface of AISI 
310 couples acting as vacancy sources or else surface diffusion occurring 
around the voids. 
In the analysis of alloy depletion enhanced diffusion mus t 
be considered. 
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5.4.2 Mathematical Treatment of Enhanced Depletion 
Depletion profi~es for both AlSl 446 and AlSl 310 cannot be 
explained by volume diffusion alone. The corrosion models of Wagner 
1 (1952) and Whittle et al (1967 ) assume volume diffusion. Their 
complexi ty arises from the need to allow for me tal recession. If 
metal recession is zero a relatively simple expression (equation (I), 
section 5.4.1) is determined for alloy depletion according to Wagner's 
model. In this study metal recession at 650°C up to 300 hours and at 
700°C is negligible compared to mass gains. In the analysis which 
follows a stationary alloy surface is assumed. As enhanced diffusion 
is occurring Fisher's model (Fisher,1951) for grain boundary diffusion 
is used. 
Fisher analyses diffus ion for a semi-infini te s lab embedded 
in a semi-infinite material perpendicular to the surface, as shown 
in figure 83. The slab has a diffusion coefficient, D', much greater 
'V 
than the diffusion coefficient, D, outside the slab. The surface is 
maintained at a fixed concentration. The thickness of the high diffu-
sivi ty slab is <I. It is assumed the slab is so thin concentration 
changes across its wid th are negligible. Using Fick's 1st and 2nd 
laws; concentration in the high diffusivity slab is given by: 
ac 
at 
= 
+ 2 
<I (1) 
The firs t term on the righ t hand side represents diffusion 
along the slab. The second term represents material transfer between 
the s lab and the surrounding material. C;:oncentra:tion ou tside the 
slab, in the low diffusivity material is given by: 
ac 
at = 
'V 
D 
2 
'i/ c (2) 
Using a numerical model Fisher observed that the concentration 
inside the s lab tends to a cons tant value. Wi th the boundary condi tion 
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c = 1 at y = 0 Fisher derives an approximate expression for the 
concentration at a point to be 
c = exp ( - !2 XI) erf e ( YI ) t t t 1[ 2 It; ( 3) 
where x R x = I <5 ( 4) 
Y
I 
= 
X-
<5 
( 5) 
t = 
!:it (6) 
I 
<5 2 
The quantity of diffusant. Q. lying between parallel planes at x and 
1 
x + dx is given by 
I I 
x + dx 00 
r I f Q = C dx dy I I (7) 
x -00 
I 
Integrating (7) gives 
exp ( 
- /2 x 
Q '" Itl 1[t tltl) dX 1 ( 8) 
The average concentration in a plane at Xl is: 
c = Itl exp ( 
- P Xi 
1[t tit ) (9) 
-/2" 
In c + constant (10) 
Subs ti tu ting (4). (5) and (6) into (10) gives 
In c = -~ + cons tant ( ll) 
113 
c is the average concentration in a plane parallel to the 
alloy surface. In this experiment c is equal to average concentrations 
determined whilst the electron beam rastered parallel to the surface. 
Plots of In c as a function of x should give a straight line from 
whose gradient the product D' 0 can be determined if the chemical 
volume diffusion coefficient is known: 
D'o =~ 2 (gradient) 2 ( 12) 
This analysis has been done for one high diffusivity slab 
embedded in a semi-infinite material. For a polycrystalline material 
the density of high diffusivity slabs is contained in the constant term 
, 
of expression (11) and so does not affect the value of D 0, providing 
there is a region between adjacent slabs where no concentration changes 
have occurred. 
Using the Fisher analysis, expressions for the outward flux 
of atoms and hence the mass gain, during corrosion, can be derived. 
Here selective corrosion is considered. Only the least noble atoms, 
A, diffuse outwards. Using the same notation as Wagner the following 
condi tions are used: 
NA(b) = bulk concentration of A 
NA (i) = cons tant interface cancen tration of A 
PA = density of A in alloy, mg cm-
3 
Using equations (3), (4), (5) and (6) and the above conditions, 
the point concentration in the enhanced zone, for which y = 0, is 
given by: 
c = 
(13) 
The flux along the enhanced zone, JEZ ' is given by: 
= -D' 0 (14) 
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Oifferentiating (13) gives the flux along the enhanced zone: 
= 
NA(b) - NA(i) 
NA(b) 
'" l 
PA 120'0' (~) 
rrt 
exp [ _~(.~) t J 0' 0 rrt 
-1 -1 
mg cm s (15) 
Assuming the outward flux from the metal matrix is .negl1gible, compared 
to that from the enhanced dif fusion zone, the ou tward flux at x = 0 
is given by: 
= 
NA(b) - N/i) 
NA(b) 
'" 
=r? (rrDt») t PA ,,20·0 
-1 -1 
mg cm s (16) 
This is the flux of A from only one high diffusivity slab, Consider 
the case of a polycrystall1ne material, of grain size g, in which 
the grain boundaries act as high diffusivi ty slabs. The number of 
grains per uni t area is 1/ 2 where the grain si ze g is determined by 
g 
counting the number of grains in a circle. Assuming cubic grains 
the length of grain boundary intersected by a plane is 3 g per grain. 
The length of grain boundary per uni t area is therefore 3/ For a 
g 
polycrystal1ine material the outward flux per unit area from grain 
boundaries (using equation (16) lis: 
J G.B. = 
3 
g 
(NA(b) - NA(i») 
NA(b) 
( 17) 
If only A diffuses outwards, to form a scale whose composi tion 
.remains_constant with time, the.outward flux JG.B._shoUld be proportional 
to the rate of change of mass gain. In this experiment Cr is the least 
noble metal, A, which diffuses outwards to react with SUlphur, S. 
The measured mass gain is due to the addi tional mass of sulphur. If 
Cr S forms, the mass gain, M, is related to the mass of reacted Cr, 
MCr' by: 
M = 
where: 
x W 
s 
(18) 
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W = atomic weight of S 
s 
WCr = atomic weight of Cr 
The mass of Cr which has diffused outwards is determined by integrating 
equation (17) w.r.t. time: 
= r o J G.B. dt mg 
Mass gain MG. B • is determined from.(17), (18) and (19) to be: 
M G.B. 
M G.B. 
W 
s 
=-
= 4 
3 
g 
(NCr(b) - NCr(i» 
Ncr(b) 
5.4.3 Outward flux due to Volume Diffusion 
'V 
P j2rn (..E..) 
A 1ft 
~ 
120'6' (E. ) 4 
1f 
Wagner's expression for alloy depletion with zero metal 
loss gives (equation (14), section 2.2.2.5): 
mg 
The outward flux due to volume diffusion is given by Fick's Is t law: 
dx 
1 
( 
x2 
exp --) 
40t 
(19) 
dt 
cm -2 
(1) 
( 2) 
( 20) 
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The flux leaving the alloy at x = 0 is: 
(N (b) - N (i) ) 
J
V 
= -0 _A_ A 
NA (b) 
1 - 1 
cm s ( 3) 
If PAis the densi ty of A in the alloy, the mass ou tpu t, A\' of A 
after time t is given by: 
= r 
o 
= 2 Pa If 
dt 
(NA(b) - NA(i) ) 
NA (b) 
( 4) 
( 5) 
5.5 Relation of Mathematical Treatment to Experimental Resul ts 
5.5.1 Comparison of determined 0' 8 to previously published data. 
P lots of In( CCr) as a func'tion of x are given for AIS I 446 
and AISI 310 in figures 84 and 85, after 300ohours at 700°C. 
Straigh t lines drawn are determined using a leas t squares fi t. 
Figures 84 and 85 correspond to the concentration profiles in figures 
50 and 53. Using the gradient of such plots and chemical diffusion 
coefficients in table 25 values of 0'8 for outward Cr diffusion are 
calculated in table 27. The correlation coefficient of the line for 
AISI 446 at 650°C is 0.727 showing poor agreement between theory and 
experimental data. Correlation coefficients for other lines ranged 
from 0.963 to 0.996 showing reasonable agreement between experimental 
results and theory. 
Determined values of 0'8 (table 27) should be compared wi th 
published grain boundary diffusion data plotted in figure 15. 
Calculated 0'8 for AISI 446 are at least two orders of magni-
tude greater than that for grain boundary diffusion in ferri tic steel 
(James, 1965 and Balluf.fi ,1982). The measured average depletion 
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occurring in AISI 446 cannot be explained by a normal grain boundary 
diffusion mechanism, as studied in tracer experiments and theoretical 
modelling. 
For the austenitic steels the calculated ~alues of D'6 (table· 
27) are of the same order of magnitude as previously published data 
(figure 15). Using the mean dl:Uusion coefficients for austenitic 
steels at 650 and 700°C the activation energy of D'6 is calculated 
to be 460 kJ mol-I. Previously 
aus teni tic s tee Is (tab le 2) lie 
published activation energies for 
-I in the range 152 to 191 kJ mole . 
Considering the difference in activation energies and the random dis-· 
tribution of sulphide preipitates in the austenitic matrix it is 
concluded that grain boundary diffusion is not responsible for the 
measured average alloy depletion in the austenitic steels. 
Enhanced diffusion in both ferri tic and austeni tic steels is 
due to diffusion through sulphide precipitates or at the interface of 
the precipitate/matrix boundary. Grain boundary diffusion is insig-
nificant. In ferritic AISI 446 the sulphides are localised at grain 
boundaries and are continuous (figure 45). In austenitic AISI 310 
they are randomly distributed and are not continuous (figure 46). 
Diffusion between isolated sulphides, in AISI 310, could be via volume 
diffusion. This may be enhanced in the same manner as volume diffusion 
is enhanced in the grain matrix adjacent to the scale/alloy interface. 
From these considerations it is seen that the Fisher model resembles 
diffusion more closely in ferri tic AISI 446 than in aus teni tic AISI 
310. 
5.5.2 Comparison of theoretical analysis to experimental corrosion 
The mass gain which can be attributed to outward Cr diffusion 
along enhanced diffusion zones is given by equation (20) in section 
5.4.2: 
= 4 
w 
s 
(1) 
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MEZ for other metallic species can be determined by using 
the appropriate alloy density of that metallic species and the 
atomic weight in equation (1). Experimental corrosion is described 
by the following equation: 
= (2) 
At 700°C the average value of n for mass gains is 0.76. This 
agrees with the predicted n of 0.75 in equation (1). This agreement 
between experiment and theory implies that at 700°C outward diffusion 
of metallic species through the enhanced diffusion zones is the rate 
controlling step. In this section experimental results at 700°C 
are compared with the theoretical predictions. At 550 and 650°C 
corrosion followed a linear law. 
Multiplication of MEZ ' as defined by equation (I), by the 
ratio Cr atomic weight: S atomic gives the Cr output from enhanced 
diffusion zones during corrosion. The Cr output due to volume diffusion 
is calculated using equation (5), section 5.4.3. The calculation of 
theoretical er outputs, from enhanced zones and volume diffusion, is 
shown in table 28. For comparison the measured Cr loss is also listed 
in table 28. The value of g used for AISI 446 is the alloy grain size, 
as precipitates are localised at grain boundaries only. For AISI 310 
g is the mean precipitate spacing, as measured by counting the number 
of precipitates intersecting straight lines parallel to the alloy 
surface. The difference in distribution of sulphide precipitates is 
discussed in section 5.6.2. Average values of D'6 from table 27 are 
~ 
used. The chemical diffusion coefficient, D, for AISI 446 and AISI 310 
is taken from extrapolated diffusion couple data (table 25). Due to 
the enhanced matrix diffusion of AISI 310 the enhanced diffusion coe-
fficient, estimated. from the width of the depletion zone, (table 26) 
is used to calculate the volume contribution. Chromium interface con-
centrationsare the average of those recorded in tables 16 and 17. The 
experimentally measured Cr loss is calculated by integration of Cr 
depletion profiles. 
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The sum of predicted Cr output from enhanced zones and that 
due to volume diffusion does not equal the measured Cr loss, as 
seen in table 28. This discrepancy can arise from several sources: 
1. The Cr interface concentrations vary with time, whereas in the 
calculation of Cr output they are assumed constant. The interface 
er concentration at an enhanced zone and the grain matrix may 
differ, despite rapid diffusion along interfaces. The exact Cr 
concentration at the enhanced diffusion zone/scale interface 
cannot be determined using electron probe micro-analysis due 
to the limited spatial resolution. 
2. D/o for AISI 446 is one order of magnitude greater at 100 hours 
than at 300 hours. This could be due to the structure or com-
position of sulphide precipitates changing with time. The defect 
concentration of internal precipitates may decrease with time. 
In the calculation of flux from enhanced diffusion zones D' is 
assumed to be constant. 
~ 
3. For AISI 310 the diffusion coefficient, D, is estimated from the 
width of the matrix depletion zone to calculate the volume 
contribution. 
4. The activity of Cr is reduced due to compound formation (Bodsworth, 
1963). These compounds are Cr sulphides, Cr carbides and Cr rich 
sigma phase. A reduced Cr activity results in the measured Cr 
depletion being less than that expected from theoretical COn-
siderations. 
5. The Fisher model is for enhanced diffusion along high diffusivity 
slabs perpendicular to the alloy surface. In this analysis it 
is applied to polycrystalline materials in which enhanced 
diffusion zones are oriented in random directions. 
6. The arrangement of enhanced diffusion zones is assumed to be 
cubic. 
Considering the above points.the predicted Cr outputs are 
estimates as opposed to precise results. 
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Predicted Cr outputs (table 28) arising from volume diffusion 
are similar for botb AISI 446 and AISI 310. In AISI 446 volume 
diffusion is insignificant compared to diffusion along enhanced 
diffusion zones. In AISI 310 both volume diffusion and diffusion 
along enhanced diffusion zones are important in Cr depletion. Using 
equation (1) and data in table 28 the predicted Cr output, from 
enhanced diffusion zones, as a function of time is: 
MEZ(Cr) = 6.2 x 10-" tt mg cm -2 for AISI 446 (3) 
and MEZ(Cr) = 0.5 x 10-" tt mg cm -2 for AISI 310 ( 4) 
Predicted Cr ouptut from enhanced diffusion zones is an order of 
magni tude greater in AISI 446 than in AISI 130. This explains the 
higher Cr content of AISI 446 scales compared to AISI 310 scales. 
The Cr output from enhanced diffusion zones in AISI 310 is 
not sufficient to account for the measured Cr loss at 100 hours (table 
28). This could be explained by the matrix adjacent to the enhanced 
diffusion zones having an enhanced diffusion coefficient in the same 
manner as the volume diffusion coefficient of the matrix adjacent to 
the scale/alloy interface is enhanced. This enhancement of matrix 
diffusion adjacent to enhanced diffusion zones, in AISI 310, is supported 
by figures 40 and 41. At 650°C the width of the grain boundary 
depletion zone is equal for both ferritic AISI 446 and austenitic AISI 
310. These figures imply that the austenitic volume diffusion coeff-
icient is equal to the ferritic volume diffusion coefficient as a 
result of enhancement. 
Enhancement of matrix diffusion adjacent to the scale/alloy 
interface occurs in AISI 310, but not in AISI 446. Enhancement of 
volume diffusion also occurred in Fe plated AISI 310 couples but not 
AISI 446 couples. This difference in behaviour of austenitic and 
ferri tic steels could be explained by: 
121 
1. If injection of vacancies is responsible for enhancement of 
matrix diffusion. this process may be energetically easier in 
the austenitic matrix than in the ferritic matrix. This implies 
less energy is required to form a vacancy in austenite than in 
ferri te. 
2. The larger volume diffusion and greater diffusivities in enhanced 
diffusion zones in AISI 446 prevent attack of the matrix. as 
atoms from these sources reduce the activi ty of sulphur at the 
matrix surface. 
The experimentally measured mass gain. MEXP ' for both AISI 
446 and AISI 310 at 700°C (table 15) is 
= mg cm- 2 ( 5) 
Mul tiplication of measured Cr loss from depletion zones by 
the ratio S atomic weight: Cr atomic weight gives the mass gain which 
can be attributed to outward diffusing Cr reacting with S to form 
Cr S scales. The measured mass gain (5) is compared to that which can 
be attributed to the measured Cr loss in table 29. The measured mass 
gain is not only due to outward diffusing Cr. An addi tional source 
of mass gain is the Fe sulphides present in the scales. In AISI 310 
Ni sulphides are also present in the scales. Fe and Ni could diffuse 
out of the alloy by the same mechanism as outward Cr diffusion. If 
this occurred depletion of Fe and Ni in the alloys would be expected. 
However concentration profiles show slight enrichment of Fe and Ni. 
This could be explained by the ZAF correction procedure used in micro-
analysis,. The pro.cedure used normalises concentrations to 100%. If 
void'S occur element concentrations will be over estimated. If Fe and 
Ni enrichment has occurred, metal recession is required to explain 
both scales containing Fe and Ni and enrichment of Fe and Ni. Inward 
diffusing sulphur to form sulphide precipi tates also contributes to 
mass gain. 
At 700°C the power of time in the experimentally determined 
corrosion law. equation (5). is 0.76. equal to that' predicted theoretically 
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if outward diffusion of metallic species along enhanced diffusion 
zones is rate controtling. This implies that at 700°C outward 
metallic diffusion along enhanced diffusion zones is the dominant 
rate controlling step. However it has been shown tbat chromium 
diffusion along enhanced zones and measured chromium loss is greater 
in AISI 446 than AISI 310. Measured mass gains of AISI 446 and AISI 
310 are equal. This can be explained by the greater chromium ou tpu t 
from AISI 446 increasing the scale chromium content and thus providing 
improved corrosion resistance compared to AISI 310. Thus at 700°C 
both diffusion in scales and alloy reduces corrosion, but the dominant 
rate controlling step is alloy diffusion. 
At 650°C inward diffusion of sUlphur is sufficient for inter-
nal sulphides to grow until they coalesce to form an inward growing 
scale. At this temperature both outward diffusion of metallic species 
and inward diffusion of sulphur contribute to the mass gain. Diffusion 
in scales and alloy is rate controlling. At 550°C diffusion processes 
in the alloy are insignificant. Corrosion at 550°C is controlled by 
diffusion in the scales and the frequency of spalling. 
5.6 Internal Sulphidation 
5.6.1 Permeabili ties 
The extent of internal sUlphidation is related to the SUlphur 
permeability in the alloy by the following expression (Rapp,1965): 
= 
C;(C;-x) 
2t 
1 ( 1) 
where F(u) t u
2 
= TT ue erf·c u 
F(u) " 1 
N (s)= 
s 
NCr = 
for u > 2 
mole fraction of sulphur at scale/alloy 
interface 
mole fraction of Cr in the bulk alloy 
N (s)D = SUlphur permeability in alloy 
s s 
= extent of internal sulphidation from initial 
surface 
x = metal loss 
'" D = metallic chemical diffusion coefficient 
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Measurable internal sulphidation is observed at 650 and 700°C. 
~/2 ~ is always greater than 5 and therefore expression (1) 
simplifies to: 
N (s) Os = N 
s Cr 
~(~ - X) 
2t 
( 2) 
At 650°C ~(~ - X) does not increase continuously with time. This is 
due to inward scale growth commencing only after 300 hours. At 700°C 
metal loss, X, does not increase continuously wi th time and is negligible 
compared to the extent of internal sulphidation. Therefore at 650 and 
700°C permeabili ties are calculated from plots of ~ as a function of. 
time, t. The calculated permeabilities are shown in table 30. For 
comparison permeabilities calculated from the product of sUlphur 
solubility and diffusivity are included. The solubility data of 
Ainslie (1960) and Bogulyubskiy (1979), and diffusion data of Gruzin 
(1971) and Fillastre (1982) in table 5, are used. 
The determined sulphur permeability of ferritic AISI 446 is 
greater than that of the austenitic steels in accordance with published 
da·ta. Permeabilities determined from the extent of internal sulphida-
tion are 4 to 7 orders of magnitude greater than those predicted from 
solubility and diffusivity data. 
The extent of internal sulphidation is significantly greater 
than that expected from theoretical considerations. Internal sulphida-
tion is not common (Mrowec, 1980) due to the small solubility and 
diffusivity of sulphur compared to oxygen in alloys. However, both 
Rao (1978) and Narita (1984j observe extensive internal sulphidation 
during corrosion of AISI 310 -and-Fe - 27Cralloys-respectively, in-
accordance with this study. 
The extent of internal sulphidation can be explained by both 
enhanced sulphur solubility and diffusivity. Micro-analysis results 
show depletion of chromium in the zone adjacent to the alloy surface. 
° At 650 and 700 C displacement of the original alloy surface is negligible. 
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At 650·C; after 300 hours, metal loss does occur due to internal 
su1phidation. Therefore outward metallic diffusion must result in 
vacancies or voids being created in the depletion zone. These spaces 
can be filled by sulphide precipitates or else result in an increased 
solubi1i ty of SUlphur in the alloy. Enhanced sulphur diffusion can 
occur by rapid sulphur diffusion along the incoherent matrix/precipi-
tate interfaces, as proposed by Whittle (1982) to explain greater than 
expected internal oxidation. Stott (1984) uses enhanced oxygen diffu-
sion along matrix/precipitate interfaces to explain internal oxidation 
behaviour. Whittle (1982) also proposes that oxygen diffusion along 
the matrix/precipitate interface may be further enhanced by injected 
vacancies condensing at these interfaces. This secondary enhancement 
of internal oxidant diffusion in this study is less likely to occur, 
as precipitates are observed to grow in size with time. Permeabilities 
calculated from solubili ty and diffusivi ty data assume volume diffusion 
and not grain boundary diffusion. 
5.6.2 Sulphur Attack of Carbides 
Sulphide precipi tates are localised to grain boundaries in AISI 
446, whereas in AISI 310 they are distributed randomly in the grains. 
This difference in distribution of SUlphide precipitates in ferritic 
and austeni tic steelS can be explained by the higher solubili ty of 
carbon in aus teni te compared to ferri te. 
The co-extrusion of boiler tubes takes place at approximately 
l200·C. At this temperature a significant quantity of carbon is dis-
solved in the austenitic matrix, but not the ferritic matrix, due to 
the higher carbon solubility of austenite relative to ferrite. Upon 
cooling the carbon content of the aus teni tic matrix exceeds its solu-
bility at the lower temperature. Therefore metallic carbide preCipitates 
form in the grain matrix of austenitic steels but not ferritic steels. 
In ferri tic steels carbides are confined to grain boundaries. This is 
conf~rmed by the microstructures of the ferritic and austenitic steels, 
in figures 17 to 20. 
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Narita (1983) observes that internal sulphidation proceeds 
more rapidly along grain boundaries containing metallic carbides than 
those which do not, in Fe-Cr alloys. Inward diffusing sUlphur reacts 
with carbides in preference to the surrounding alloy. The Gibbs free 
energy of Cr23C6 is -19.5 kJ (mole of Cr)-I compared to -133 kJ (mole 
of Cr)-I for Cr( )S, at 700°C. Sulphur displaces carbon from the 
l·-x 
metallic carbide to form a more stable compound. In this study inward 
diffusing sulphur attacks the matrix carbides of austenitic steels 
resulting in matrix sulphide preCipitates. In ferritic AISI 446 
SUlphur attacks metallic carbides which are confined to grain boundaries. 
Therefore internal sulphidation occurs only along grain boundaries in 
ferri ti c s tee Is. 
Internal sulphidation of AISI 310 + Nb is different from AISI 
310 and Aged AISI 310. At 650°C internal sulphide preCipitates are 
less coarse and inward scale growth occurs at a later time in AISI 310 + 
Nb compared to the other aus teni tic s tee Is. At 700°C internal precipi-
tates are confined to grain boundaries in AISI 310 + Nb, as opposed to 
the random distribution observed in the other austenitic steels. This 
difference in internal sulphidation behaviour can be asSigned to the 
different stabili ties of Nb carbides and Cr carbides. The Gibbs free 
energy of Nb C is -129 kJ (mole of Nb)-I compared to -19.5 kJ (mole of 
-I ° Cr) for Cr23C6' at 700 C. Sulphur is unlikely to react with NbC 
as it is much more stable than Cr23C6. As reaction of sulphur with 
carbides accelerates internal sulphidation, internal sulphidation in 
Nb-stabilised austeni tic steels is less rapid than in non-stabilised 
steels. Alloy depletion is dependent upon internal sulphide precipi-
tates providing high diffusivity paths. Thus alloy Cr depletion of 
AISI 310 +" Nb is less "than AISI310 due to "the less extensiveinter.nal 
sulphidation, (figures 52 and 54). 
Mrowec (1980) in his review of su1phidation states that internal 
sulphidation does not occur. In this study extensive internal sulphi-
dation occurs at 650 and 700°C. This contradiction can be explained 
by the use of commercial alloys in this study, containing carbides which 
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accelerate internal sulphidation. Mrowec (1980) reviews experimental 
laboratory studies, in which pure alloys with low carbon contents are 
frequently used. 
Alloy carbides have a significant influence on internal 
sulphidation behaviour. The pressure of carbides accelerates internal 
sulphidation. The distribution of carbides determines the sulphide 
precipi tate dis tribution. The s tabili ty of carbides determines the 
rate at which internal sulphidation occurs. 
5.7 Relation between Chromium Depletion and Internal Sulphidation 
The extent of Cr depletion and internal sulphidation, at 650 
and 700°C, cannot be explained by conventional diffusion mechanisms. 
Enhancement of both Cr and SUlphur diffusion occurs due to the 
formation of internal precipitates. Cation diffusion is more rapid than 
anion diffusion in sulphides as sulphides have a defective cation sub-
lattice. Enhanced chromium diffusion could occur via the matrix/ 
precipitate interface or through the interior of the precipitate. 
Narita (1983) suggests that internal grain boundary sulphides may act 
as high diffusivity paths'for chromium diffusion. Enhanced SUlphur 
diffusion is more likely to occur along the matrix/precipitate inter-
face than through the precipitate intself. 
Before internal sulphidation can occur sulphur must diffuse 
inwards. The inward diffusing SUlphur reacts to form internal precipi-
tates thus enhancing diffusion. This allows internal sulphidation to 
proceed at a more rapid rate. During experimentation internal sulphida-, 
tion is always accompanied by Cr depletion and vice versa. 
,Ex tensive sulphidat10n has occurred in the al,loys withou t any 
signs of stress creation. In AISI 446, where internal sulphidation ls 
confined to grain boundaries, the volume expansion associated with 
sulphide formation should force grains outwards beyond the plane of the 
original surface. This is not observed during sulphidation experiments 
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in this study. This can be explained by sulphide precipitates 
forming only when there is sufficient space for them to grow without 
causing stresses. Space is created by outward Cr diffusion. Thus 
for extensive internal sulphidation to occur chromium must first 
diffuse outwards. This suggests outward Cr diffusion could be rate 
controlling. This is supported by the experimentally determined 
corrosion law. at 700°C. having the same power of time as that pre-
dicted theoretically if outward metallic diffusion along enhanced 
diffusion zones is rate controlling. 
5.8 Industrial Implications 
5.8.1 Influence of Alloy Diffusion Processes on Corrosion 
The resistance of stainless steels to corrosive attack is dep-
endent upon the formation of a sustained Cr 20 31ayer on the alloy 
surface. Fe rich oxides do not give the same degree of protection as 
er oxides. Cr 20 3 has a low defect concentration, compared to Fe oxides, 
which results in lower diffusion rates within the oxide and hence 
reduced corrosion. This assumes that diffusion in the oxide controls 
the corros ion rate. Formation of er oxides only, and not Fe oxides, 
depends on the rate at which Cr can be suppl1'ed to the alloy/scale 
interface from wi thin the alloy. For Fe not to react wi th oxygen the 
outward diffusion of Cr and inward diffusion of Fe must be sufficient 
to account for the observed recession of the metal surface. If this is 
observed alloy diffusion processes can influence corrosion rates due 
to the formation of scales with a higher Cr content and which are more 
protective. 
The maximum Cr output from an alloy occurs when the er interface 
concentration- is -zerO: In industry metal loss -Is the parameter of-
interes t. The maximum allowed metal loss. so that only Cr oxides form 
is given by 
allowed,metal loss = maximum er output (1) 
alloy, densi ty. P alloy 
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Using equation (20), section 5.4.2., the allowed metal loss 
due to outward grain boundary diffusion of Cr is given by: 
(metal 10SS)G.8. = /20'0' ( -"'rrD) i t i 
Equation (5) of section 5.4.3, gives the allowed metal loss due to 
volume diffusion: 
PCr (metal loss) = 2 --~~-­
v 
( 2) 
(3) 
In determining the allowed metal loss so that only Cr oxides 
form the following assumptions are made: 
1. Fe does not react to form Fe oxides when the Cr interface 
concentration falls to zero. Kubaschewski (1979) shows that 
for Fe-Cr alloys, in equilibrium with the possible oxides, 
Cr 20 3 forms when the Cr interface mole fraction is greater than 
3.4 x 10- 3 , at temperatures of l127°C and below. 
2. The activity of Cr equals its concentration. The availability 
of Cr is not reduced due to formation of carbides, sigma phase 
or internal oxides. 
3. No enhancement of alloy diffusion occurs due to internal oxidation 
or enhanced matrix diffusion. The only form of enhanced diffusion 
is grain boundary diffusion. 
4. Metal recession is negligible. 
5. Diffusion coefficients are constant and independent of alloy 
composi tion. 
In calculating the allowed metal losses for only er oxide 
formation an ideal case is considered in which the alloy is in equilibrium 
wi th all its oxides. In practice different oxides form in layers and 
cannot therefore all be in equilibrium with the alloy. AB a result Fe 
oxides are likely to form at a much higher Cr interface concentration 
than that predicted by thermodynamic considerations. Calculating the 
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allowed metal loss for an ideal case enables the significance of alloy 
diffusion processes during corrosion to be evaluated. 
The allowed metal loss calculated for formation of er oxides 
only is equal to that if only er sulphides are to form during 
sulphidation. 
The total allowed metal loss if only er oxides are to form is 
given by the sum of equations (2) and (3). Volume chemical diffusion 
coefficients from this study and grain boundary diffusion data derived 
by James (1965),Perkins (1973) and Smith (1969) are used. Total allowed 
metal loss, the grain boundary contribution and volume contribution 
are plotted as a function of time for AISI 446 and AISI 310 at 400 
and 700 0 e in figures 86 to 90. If the observed metal loss is less 
than that plotted it is possible that only Cr oxides form. In this 
case alloy diffusion can result in improved corrosion resistance. If 
the metal loss is greater than that plotted both Cr and Fe oxides will 
form, and in AISI 310 Ni oxides as well. The greater the observed 
metal loss is, relative to the allowed metal loss, the less significant 
are alloy diffusion processes in determining the ratio of er oxides 
to Fe oxides in the scales. In this case alloy diffusion processes 
will have less influence on the corrosion rates. 
In AISI 446 volume diffusion is more important than grain 
boundary diffusion at 400°C (figure 86), whereas at 700°C (figure 87) 
grain boundary diffusion is dominant. In AISI 310 (figures 88, 89 and 
90) grain boundary diffusion is dominant at both 400 and 700°C. At 400°C 
the total metal loss is plotted using the grain boundary diffusion 
data of Perkins (1973), figure 88, and Smith (1969), figure 89. The 
-- allowed me·tal- loss using -the data of Perkins is two .times greater .than 
tha t of Smi th. This is due to the lower grain boundary activation 
energy determined by Perkins (table 4). At 700°C the grain boundary 
diffusion data of these two authors agree. This illustrates how in-
accuracies arise due to the extrapolation of diffusion data beyond its 
range of experimental determination. For both AISI 446 and AISI 310 
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the allowed metal losses, if only Cr oxides are to form and alloy 
diffusion is to influence corrosion, are approximately 3 orders of 
° ° magni tude greater at 700 C than at 400 C. This is due to the much 
higher diffusion rates. 
If the oxidising environment is such that Fe is noble, outward 
diffusion of Cr would determine the rate of metal loss. In this case 
the maximum measured metal loss should be equal to that plotted in 
figures 86 to 90. If Fe is noble maximum corrosion resistance is 
obtained for low alloy diffusivities. 
The Cr output due to grain boundary diffusion increases with 
to. 75, whereas that due to volume diffusion increases wi th to. 5. 
Therefore initially volume diffusion is dominant during corrosion, if 
alloy depletion occurs. The importance of grain boundary diffusion 
relative to volume diffusion increases with time. The time at which 
the Cr output from grain boundaries is equal to that from volume 
diffusion is given by equating equations (2) and (3). The time at 
which grain boundary and volume diffusion outputs are equal is plotted 
as a function of temperature for both AISI 466 and AISI 310 in figure 
91. 
Figure 91 implies that volume diffusion is dominant for longer 
times at lower temperatures. This is due to the output from grain 
boundary diffusion being dependent on both grain boundary and volume 
diffusion processes. Volume diffusion output is dependent on only 
volume diffusion processes. This is implied in equations (2) and (3). 
Equation (2) shows that Cr output from grain boundaries is a funetion 
of both grain boundary and volume diffusion activation energies. Cr 
output due to volume diffusion alone (equation- (3) -) ,is .. a function of 
the volume diffusion activation energy only. 
In AISI 310 grain boundary diffusion is dominant after 100 hours 
in the temperature range 300 to 10000C (figure 91). In AISI 446 grain 
boundary diffusion is dominant after one million bours at 400°C and 
after 500 hours at 700°C. The greater importance of volume diffusion 
in AISI 446 is expected, due to the higher volume diffusion rates. 
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The rate of metal loss allowed if only Cr oxides are to 
form, during a period of 50,000 hours, is plotted as a function of 
temperature for both AISI 446 and AISI 310 in figure 92. Allowed 
metal loss rates are greater in AISI 446 than AISI 310, especially at 
lower temperatures, due to the increased volume diffusivity. Grain 
boundary diffusion coefficients of ferritic and austenitic steels are 
similar (figure 15). If the observed rate of metal loss is approximately 
equal to or less than that plotted in figure 92 alloy diffusion can 
influence corrosion. This is because Cr depletion of the alloy results 
in scales wi th a higher er content, and hence lower defect concentra-
tion, giving improved corrosion resistance. In this study increased 
Cr contents of scales due to alloy depletion are observed at 700°C 
during sulphidation. If the observed corrosion rate Is greater.than 
that plotted in figure 92, less protective Fe oxides will form. As 
observed metal loss rates increase above the plotted metal loss rates 
the significance of alloy diffusion on corrosion decreases. The Cr 
content of scales is then dominated by the Cr to Fe ratio of the bulk 
alloy. In this case the ratio of Cr to Fe in the scale stays fixed'; 
as the me tal surface recedes. This si tuation is simi lar to that 
observed at 550°C, in this experiment during sulphidation. Alloy 
diffusion influences corrosion at higher temperatures and lower corrosion 
rates. 
For a specified metal loss rate at a specific temperature 
the significance of alloy diffusion on corrosion is given by figure 92. 
At 400°C alloy diffusion is Significant if metal loss rates are of 
the order of, or less than, 3 x 10- 3 nm hr-I for AIS I 446 and 2 x 10-' 
nm hr-I for AISI 310. Flatley (1980) gives a maximum linear metal 
-1 
'loss rate, of 55 nm hr for AISI 310 furnace wall tubes, operated up 
to 450°C, for 27,000 hours. Thus volume 'and grain boundary diffusion 
in the alloy will not influence corrosion of furnace wall tubes upto 
450°C. This assumes no enhancement of alloy diffusion due to internal 
oxide precipitation or enhanced matrix diffusion occurs.' 
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5.8.2 Effect of Enhanced Alloy Diffusion on Corrosion 
At high temperatures alloy diffusion rates may be sufficient 
to allow only Cr oxides to form, providing the rate of metal loss 
is not excessive. At low temperatures it is unlikely alloy diffusion 
rates are suffi cient to ensure that only a Cr oxide layer forms, 
unless rates of metal loss are very small. Figure 92 shows that the 
maximum supply of Cr at 400'C is 3 orders of magnitude less than that 
• at 700 C. High alloy diffusion rates help to sustain protective Cr 
oxides and rep lenish Cr los t to the oxides wi th Cr from wi thin the 
alloy. In calculating allowed metal loss for er oxide formation only, 
in section 5.8.1, it is assumed no enhancement of alloy diffusion 
occurs. 
In this study high diffusivity paths, due to internal sulphida-
tion, improves the supply of Cr to the alloy surface. This results 
in scales of a higher er content forming. This could also occur 
during oxidation where internal oxidation is common. Enhancement of 
volume diffusion in austenitic steels is observed in this study during 
sulphidation and has also been observed during oxidation by Seo (1984). 
Austeni tic volume diffusion coefficients can be enhanced by 2 to 3 
orders of magnitude. The increased er supply due to diffusion along 
internal precipitates and enhancement of volume diffusion should 
result in scales of a higher er content providing improved corrosion 
nesistance. 
This enhancement of diffusion during corrosion due to internal 
oxidation/sulphidation and enhanced matrix diffusion is difficult to 
predict from available data. Enhanced diffusion will be of greater 
importance at lOwer temperatures .wbere conventional diffusion processes 
are negligible. To assess the Significance of this, speciinens corroded 
at the required temperature in the industrial environment need to be 
examined for Cr depletion. Depth profiling of specimens, using Auger 
electron spectroscopy and argon ion sputter etching, would be required 
due to the improved spatial resolution compared to electron probe micro-
analysis. 
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The supply of er from grain boundaries is inversely proportional 
to grain size (equation 2, section 5.4.2). For austenitic steels, 
where grain boundary diffusion is dominant (figure '91), smaller 
grain sizes will increase the er supply to the surface. However, during 
boiler tube service the Aged AISI 310 steel shows grain growth occurs, 
thus reducing the abili ty to supply er to the surface. 
For AISI 446 at low temperatures volume diffusion is· dominant 
(figure 91) and the influence of grain size will therefore be less 
important than in AISI 310, unless the grain size is increased signifi-
cantly. In AISI 446 this could be achieved by cooling the steel from 
high temperatures where the austenitic phase is stable (section 5.3.2.3). 
If cooling is sufficiently rapid martensi te will be formed. Martensite 
has a high densi ty of enhanced diffusion paths thus improving the er 
supply to the surface. 
5.8.3 Internal Oxidation 
Metal loss during furnace wall corrosion of co-extruded tubes 
is assigned primarily to detachment of complete metal grains (Flatley, 
1980). This is due to intergranular attack in which oxides encircle 
the grains. Thermal/chemical mismatch strains separate the grains 
from the boiler tube. If this intergrannular attack could be prevented 
a significant reduction in metal loss should be achieved. 
I n this study and that of Nari ta (1983) it is observed that 
the reaction of sulphur with carbides accelerates internal sulphidation. 
Internal sulphidation occurs only where carbides were present. If no 
carbides existed it is possible that internal sUlphidation may not have 
occurred. A similar mechanism of internal attack may occur during 
oxidation. The reaction of oxygen with grain boundary carbides may 
accelerate intergrannular attack. 
The Gibbs free energies of chromium carbide and chromium 
oxide are (Kubaschewski, 1979): 
l 
6 
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Cr C 
23 6 
fiG = -16,380 - 1.54T cal mole-I' 
3 
2Cr + /20 ~ er 0 fiG = -277,190 + 53.25T ca1 mole- I 
2 2 3 
At 400 COthe Gibbs free energy of Cr23C6 is -19kJ(mole of Cr)-I 
-I 
compared to -505 kJ(mole of Cr) for Cr2 03' Thus oxygen should dis-
place carhon from chromium carbides rapidly to form internal chromium 
oxide precipitates. 
If carbides do accelerate intergrannular attack, in the boiler 
environment, then significant reductions in metal wastage rates can 
be achieved by the use of , Nb-stabilised and/or low carbon stainless 
steels. Nb additions could reduce internal attack as Nb carbides are 
more stable than Cr carbides (section 5.6.2), and therefore less 
reactive with oxygen. Fewer carbides are present in low carbon 
steels and thus there are less sites at which internal attack can occur. 
The advantage of Nb stabilised and low carbon stainless steels 
may not be in reducing the quantity of Cr tied up in carbides, but in 
reducing internal attack. This agrees with outward chromium diffusion 
being insignificant during furnace wall corrosion if only grain boundary 
and normal matrix diffusion processes occur. The carbon content of 
alloys and the form of alloy carbides may be more important than alloy 
chromium content in determining metal wastage rates at furnace wall 
temperatures. 
5.8.4 Restriction of Diffusion 
During the annealing of Cr plated diffusion couples Lt was 
observed that Cr rich layers, -which formed at the interface of the 
couples restricted diffusion. Control of diffusion has many industrial 
applications. The life of electronic components can be shortened 
due to inter-diffusion across the interfaces of devices. Thus the 
restriction of diffusion could increase component life. This could be 
achieved by growing layers of'high thermodynamic stability to act as 
diffusion barriers. 
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6. CON C L U S ION S 
Two distinctive corrosion mechanisms are occurring, one at 
550· C and the other at 650 and 70ri' C. 
At 550·C all elements from the al-loy surface react to form 
external scales ani hence metal loss occurs. As the alloy surface 
recedes scales deform plastically inwards to maintain scale/alloy con-
tact. No significant internal sulphidation or chromium alloy depletion 
is observed. The chromium content of scales remains constant with time 
and is dependent on the chromium to iron ratio of the bulk alloy. The 
mass gain of gCr - lMo is twice that of the alloys containing 25 atomic 
% Cr. The corrosion rate is determined by outward cation diffusion 
in the scales and the frequency of spalling. A linear corrosion rate 
is observed due to scale spalling. Alloy diffusion processes have no 
influence on corrosion. 
At 650 and 700·C metallic species, from within the alloy, diffuse 
outwards to form scales outside the plane of the initial alloy surface. 
There is no plastic deformation of scales inwards. Inward diffusion 
of SUlphur results in extensive internal sulphidation. At 650·C the 
internal sulphides coalesce to form an inward growing scale. The 
resulting metal loss is equal to the width of the inward growing scale. 
At 700°C no inward growing scale forms and metal loss is negligible. 
At 650 and 700·C chromium diffuses outwards 1'n preference to iron 
in AISI 446 and iron and nickel in AISI 310 and AISI 310 + Nb. Selective 
removal of chromium results in inner scales with increased chromium 
contents. Due to greater chromium depletion of ferritic AISI 446 
-compared to aus teni-tic AISI 310, the chromium content of AISI 446 scales 
is greater. The chromium content of AISI 446 scales increases con-
tinuous ly wi th temperature due to the increased chromium diffusivi ties. 
Alloy diffusion processes influence corrosion at 650 am 700°C. 
Cation diffusion in alloys is impeded by sigma, carbide and 
chromium rich phases, as shown by chromium plated couples. Outward 
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diffusion of chromium, from the stainless steel in co-extruded couples, 
results in the breakdown of chromium rich phases. Diffusion processes 
in a diffusion couple are similar to those which occur during corrosion, 
if alloy er depletion occurs. The average chemical volume diffusion 
coefficient, for the composition range 14 to 28 At.% chromium, for 
AISr 446 in the temperature range 800 - 10000e is: 
'U 
D = o 15 (+0.54) 
. -0.12 ( 
-210 (±15») exp 
RT 
and for ArSr 310 in the temperature range 800 - l2000 e is: 
~ = 0.27 (+1.04) 
-0.22 
-1 
where R is in kJ mol . 
( 
-264 (+16») 
exp 
RT 
At 650 and 7000 e the extent of chromium depletion and internal 
sulphidation can only be explained by enhanced diffusion processes. 
Chromium depletion due to diffusion along enhanced diffusion zones can 
be analysed using the Fisher analysis. For ferritic AISI 446 the 
enhanced zone diffusivity, D'o, is 2 orders of magnitude greater than 
published grain boundary diffusion data. For aus teni tic AISI 310 the 
activation energy of D'8 is much greater than the published grain 
boundary diffusion activation energy. Enhanced chromium and sulphur 
diffusion occurs along the sulphide precipitate/matrix interface. 
Chromium can also diffuse through the internal sulphide precipitates. 
Diffusion in the grain matrix of austenitic AISI 310 is enhanced in 
both corroded specimens and iron plated couples, possibly due to the 
injection of vacancies. No enhanced matrix diffusion occurs in ferri tic 
AISI 446. 
An expression is derived, from the Fisher model, for the 
maximum output of cations from enhanced diffusion zones. This predicts 
the mass gain due to outward cation diffusion from enhanced diffusion 
zones is proportional to (time)O' 75. Measured mass gain at 7000e is 
proportional to (time) O. 76 which implies that outward cation diffusion 
along enhanced diffusion zones in the alloy could be rate controlling. 
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The cation flux from enhanced diffusion zones is greater in AISI 446 
than AISI 310. However, the measured mass gains of AISI 446 and AISI 
310 are equal. This is because AISI 446 scales have a higher chromium 
content than AISI 310, as a result of the increased chromium output, 
and so provide improved corrosion res is tance. In AISI 446 the decreased 
cation diffusivities in the scale, due to the higher chromium content, 
and increased cation diffusivity in the alloy counter act each other. 
At 650·C inner scale growth occurs and mass gain follows a linear law. 
At 650 and 700·C diffusion processes, both in the alloy and in the 
scales, and the frequency of spalling control the corrosion rate. 
Measured mass gains at 550·C agree wi th previous studies. At 
650 and 700·C mass gains are significantly less than previous studies. 
The mass gains at 550 and 7,OO·C are approximately equal. The mass gain 
of AISI 310 at 650·C is less than that at 550·C. The reduced corrosion 
rates at 650 and 700·C are due to diffusion processes in the alloy, 
as well as diffusion in the scales, restricting corrosion. 
Extensive internal sUlphidation and inward scale growth does 
not result in deformation of the alloy surface. No signs of stress 
are observed. Internal sulphides form in voids created by the outward 
diffusion of chromium. 
Reaction of sulphur with carbides accelerates internal sulphi-
dation. In ferritic AISI 446 carbides exist only at grain boundaries 
and internal sulphidation is therefore confined to grain boundaries. 
In austenitic steels carbides exist throughout the grains and internal 
sulphide precipitates are therefore randomly distributed. 
The internal sulphidation behaviour of AISI 310 + Nb is 
different from AISI 310 and Aged AISI 310. At 700·C internal sulphida-
tion is confined to grain boundaries in AISI 310 + Nb. At 650·C internal 
sulphidation is slower in AISI 310 + Nb. This is because niobium carbides 
are more stable than chromium carbides and thus reaction of sulphur 
with the carbides is less probable. Chromium depletion of AISI 310 + Nb 
is less extensive than AISI 310 as fewer higher diffusivi ty paths are 
provided by internal sulphidation. 
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Intergrannular attack during furnace wall corrosion may be 
accelerated due to the reaction of oxygen with carbides. If this is 
the case significant reductions in metal wastage rates may be achieved 
by using low carbon or Nb - stabilised steels. If detachment of 
grains from the boiler tube is the major cause of metal wastage, the 
number and stability of carbides aould be more important than the 
chromium flux from the alloy in determining corrosion rates. 
The objective in an industrial environment, where both iron and 
chromium are reactive, is to ensure the chromium supply from the alloy 
is sufficient to form a protective layer of Cr 20 3 • If this objective, 
is met outward chromium diffusion, in the alloy, results in reduced 
corrosion rates. The influence of alloy diffusion on corrosion is 
dependent on grain boundary and volume diffusion coeffiCients, tempera-
ture, time and metal loss rate. The parameters are related by com-
paring chromium outputs from the alloy to the metal loss. If outward 
chromium diffusion in the alloy is to reduce corrosion, the allowed 
metal loss is 3 orders of magnitude greater at 700·C than at 400·C. 
This allowed metal loss is greater for ferritic AISI 446 than austenitic 
AISI 310 due to the increased volume diffusion coefficient. 
At furnace wall temperatures, 380 to 450·C, where linear metal 
-I loss rates of 55 nm hr are observed, alloy diffusion will have no 
influence on corrosion. This assumes enhanced diffusion along precipi-
tates or enhanced matrix diffusion does not occur. 
Chromium ou tpu t from an alloy occurs due to ou tward chromium 
diffusion from the grain matrix and the grain boundaries. The chromium 
- ou tpu t from 'grain·boundaries. is dependent upon both grain boundary 
and volume diffusion processes. At low temperatures and for short 
times the chromium output from the matrix is dominant. At high tempera-
tures and for lorger times the chromium output from grain boundaries 
is dominant. The increased volume diffusion coefficient of ferritic 
AISI 446, relative to austenitic AISI 310, increases the chromium output 
from both grain boundaries and matrix in AISI 446. 
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The chromium output from grain boundaries is inversely propor-
tional to the grain si ze. Thus a subs tantial increase in chromium 
output from an alloy can be achieved by using finer grained materials. 
In AISI 446 rapid cooling from temperatures at which the austeni tic 
phase is stable should produce martensite. This would result in a 
high density of enhanced diffusion zones thus increasing the Cr supply 
to the surf'ace, of AISI 446. These measures should result in scales 
with a higher er content and hence improved corrosion r·esistance. 
Corrosion can enhance alloy diffusion. Internal precipitates 
of the oxidant can form in both ferri tic and aus teni tic steels, 
providing high diffusivity paths. In austenitic steels matrix diffu-
sion may be enhanced due to selective removal of chromium, possibly 
resulting in an increased vacancy concentration. These enhanced 
diffusion processes can increase the chromium supply to the surface, 
enabling scales with an increased chromium content to form and thus 
provide improved corrosion resistance. 
If the partial pressure of the oxidant is low enough for iron 
to be noble, corrosion can only proceed by outward diffusion of chrom-
ium and/or inward diffusion of the oxidant in the alloy. In this case 
the corrosion rate decreases with decreasing alloy diffusivi ties. 
This should be contrasted to the case where both iron and chromium 
are reactive, and reduced corrosion rates are obtained by increasing 
the chromium supply to the surface to form more protective scales. 
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7. FUR'J1IER IVORK 
7.1 Furnace Wall Matrix Diffusion 
Assuming zero metal loss and a chromium alloy surface con-
centration of zero the maximum chromium depletion profile can be· 
calculated using the expression: 
N
cr 
(x,t) = N
er 
(bulk) 
"-Values of chemical volume diffusion coefficient, D, can be 
extrapolated from the derived co-extruded diffusion couple data. In 
this study enhanced matrix diffusion in austeni tic AISI 310 is 
ohserved during alloy sulphidation and diffusion across iron plated 
AISI 310 couples. Seo (1984) determines a matrix diffusion coefficient 
2 to 3 orders of magni tude larger than extrapolated lattice diffusion 
data during the oxidation of Ni-Cr alloys at 420 to 550 "C. At furnace 
wall temperatures, approximately 400"<:, it is reasonable to expect 
that matrix diffusion in AISI 310 may be enhanced by a factor of at 
leas t 100. 
Possible chromium deletion profiles for the grain matrix of 
AISI 310 and AISI 446 after 15,449 hours service at 400°C are drawn in 
figure 93. For AISI 446 only an extrapolated diffusion coefficient is 
used, as no enhanced matrix diffusion has been observed in this steel. 
For AISI 310 an extrapolated and an enhanced diffusion coefficient 
'" (extrapolated D x 100) is used. The profiles assume that metal loss 
is zero and the chromium surface concentration is zero. 
The corrosive environment can influence alloy diffusion processes., 
as seen in this study during su1phidation. Therefore it is preferable 
to examine specimens taken from boiler tubes which have been in active 
boiler service for long periods of time, to assess the influence of 
the boiler environment on alloy diffusion. 
Depletion profiles of the extent shown in figure 93 cannot be 
measured using electron probe micro-analysis due to a spatial analytical 
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resolu tion of approximately 1 micron. 
Auger electron spectroscopy combined with in site ion beam 
etching allows much finer composition-depth profiles to be obtained 
(Wall, 1982). This is because Auger electrons, which are analysed, 
originate from only within the first two or three atomic layers (-2nm) 
below the surface. This is due to the low energy of Auger electrons. 
At the maximum spatial resolution, surface and sub-surface compositions 
of areas wi thin 10 nm of each other can be compared. Composi tion 
profiles, of extent 10 nm to 1 micron, can be measured. With standards 
concentrations can be quantified to within 10%. 
Auger electron spectrosopy with ion beam etching can be used 
to measure the composition profile, into the grain matrix from the 
exposed surface, of Aged AISI 310. Aged AISI 310 has been in a boiler 
o 
for 15,449 hours, at approximately 380' C. Examination of such a 
specimen will show whether enhancement of diffusion occurs in the grain 
matrix of AISI 310 during boiler service. If enhanced matrix diffusion 
has occurred an estimate of the enhanced diffusion coefficient csn be 
made from the width of the depletion profile. 
Comparison with a ferritic AISI 446 boiler tube, which has 
been exposed to similar conditions, will enable the influence of a 
ferri tic lattice instead of an austeni tic lattice to be assessed. 
For control purposes composition depth profiles of boiler 
tubes prior to service must be measured. It would be preferable if 
these tubes were from the same batch as those examined from a boiler. 
Allowed metal losses for protective scale formation can be re-
calculated using the enhanced diffusion coefficients. 
7.2 Diffusion along high diffusivity paths during furnace wall 
corrosion 
Intergranular corrosion can occur during furnace wall corrosion 
(Flatley, 1980). Internal oxide precipitates may provide high diffu-
sivi ty paths for outward chromium diffusion, as was observed during , 
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alloy sulphidation in this study. The extent of chromium diffusion 
along grain boundaries and internal oxide precipitates could be 
measured using Auger electron spectroscopy. 
To access grain boundaries and internal precipitates specimens 
must be fractured. Auger electron spectroscopy, used with ion beam 
sputtering, should be able to measure chromium depletion, in the zone 
adjacent to grain boundaries and internal precipitates, if it has 
occurred. This should be done at several locations, varying in depth 
from the alloy surface. By comparing grain boundary depletion zones 
at the surface of the tube, wi th those in the center of the stainless 
steel, the importance of chromium diffusion along grain boundaries 
can be determined. 
The influence of grain size on alloy corrosion could be deter-
mined by measuring chemical diffusion coefficients and alloy depletion 
zones of materials with different grain sizes. Martensitic AISI 446 
could be a possible candidate material in this experiment, due to its 
effective small grain size. 
7.3 Diffusion Couple Data 
Chromium plated, co-extruded and iron plated couples are at 
present being annealed at 450, 550, 650, 700 and 75rf'C. Sufficient 
diffusion should have now occurred (6th March, 1985) at 650, 700 and 
750°C to enable more diffusion data to be obtained from co-extruded 
couples. 
Enhanced diffus ion has occurred across iron plated aus teni tic 
AISI 310 couples. This is .assigned· to the presence 'of voids, which :' 
results from the poor adhesion of the iron plate to the substrate. 
Improved adhesion of iron plate to stainless steels may be achieved 
by using alternative pre-treatments, plating condi tions and electrolytes. 
More experimentation is required to improve the electroplating technique, 
as was required for chromium plating. Iron plating should enable 
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diffusion coefficients to be measured at lower temperatures due to 
an initially well defined interface. 
7.4 Internal Oxidation 
The influence of alloy carbides on the rate of intergrannular 
attack can be determined by comparing the corrosion of Nb-stabilised, 
low carbon and normal grade stainless steels. Specimens from the 
furnace wall of a boiler should be examined, as other species in the 
combustion gases may influence corrosive attack. This would show whether 
internal attack of carbides is more important than the outward chromium 
flux in controlling metal wastage rates during furnace wall corrosion. 
7.5 Alloy Depletion due to Outward Chromium Diffusion from 
Grain Boundaries and 1.1 a trix 
In this study outward chromium diffusion from grain boundaries 
and matrix is considered for an ideal case. Assumptions include zero 
metal loss, zero chromium surface concentration, no enhanced matrix 
diffusion and cubic grains. A simp lified case is used. In reali ty 
the situation is much more complex. For example fluxes from two grain 
boundaries may flow into one grain boundary to reach the alloy/scale 
interface. 
The simplified model predicts that at furnace wall temperatures 
outward alloy chromium diffusion is insignificant in reducing the 
corrosion rate. At higher temperatures alloy chromium diffusion may 
influence corrosion. 
A more realistic model of alloy depletion may .be formed· on·a 
compu ter. This would enable the influence of metal loss, varying 
chromium surface concentration, enhanced matrix diffusion, 3-dimensional 
diffusion and variation of diffusion coefficient with alloy composition 
to be assessed. Such a model would allow a more accurate determination 
of allowed metal loss, for alloy diffusion to influence corrosion, at 
a given temperature. 
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Levine (1960) and Suzuoka (1961) treat enhanced grain 
boundary diffusion for po1ycrystalline materials. Using these 
analytical solu tions the Fisher model used in this study may be 
improved on. 
7.6 Modelling of Diffusion 
computer simulation of enhanced diffusion processes may enable 
the understanding of these processes to be improved. Models can be 
built using atomic interactions (BaUuffi, 1982) or else by analysing 
lattice and grain boundary stresses upon inserting or removing atoms 
(Chapmap, 1983). Stresses can arise due to inward diffusing sulphur 
or outward diffusing chromium. A model controlled by stresses would 
enable the interaction of chromium depletion and internal su1phidation 
to be analysed. 
7.7 Restriction of Diffusion 
During annealing of Cr plated diffusion couples it was seen 
that Cr rich layers at the interface acted as a barrier to diffusion. 
Normally both a Cr carbide and a sigma phase layer were present. To 
determine whether it is the carbide layer or sigma phase layer which 
res tricts diffusion it would be necessary to study normal grade, low 
carbon and Nb-stabilised stainless steels. Analysis of Cr plated 
diffusion couples, of these materials, should reveal the influence of 
carbide layers on Cr diffusion. 
A better understanding of how diffusion can be restricted may 
be of USe in the electronics industry. 
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Table 1; Published Corrosion Data Relevant to this Study 
Author Material Temper Max. Para- Mass Mass Sulphur 
ature Time bolie gain gain partial 
Rate after after pressure 
Cons . 100 1000 
hrs. hr •. 
°c brs. 
g 2em ., mg mg atm. 
-2 cm- 2 
-1 em s . 
Ze1anko Fe-25Cr 540 120 2.0 " 
-11 
8.5 26.8 1.7 x 10 
et aI. 10- 10 
(1974) Fe-22Cr-13Ni 540 120 2.1 x 8.7 27.6 
10- 10 
Mrowec Fe-28Cr t 700°C 1.32 x 69.0 2111.3 - -et aI. Ni-28Cr 
(1976 1 ) 10-
8 
Nari ta Fe-26.6Cr 700 15 8.7 x 180 560 1 x 10- 7 
et aI. 10-8 
(1984 1 ) 
Rao AISI 310 660°C 70 l.6x 76 240 l.4x 10- 7 
et aI. -8 10·· 
.( 1978) AISI 310 749°C 70 I.4x 220 710 1.4x 10-
7 
10-7 
Table 2: Chromium Volume Diffusion Data in Austenitic Steels 
, 
Composi tion Temperature Do 
Q 
Technique Au thor Line on 
range Rc 
cm2 IS kJ/Mol used Figure 14 
Fe- 20Cr- 25Ni-Plb 840-1240 0.19 t o. 1O ) 
-0.07 246 (±IS) Tracer Smi th (1969) I 
Fe-17Cr-12Ni 750-1200 o 063(0.087) 
. -0.04 243 (± 3) Tracer Smi th ( 1975) 2 
Fe-17Cr-12Ni 600-1300 0.13 264 Tracer Perkins (1973) 3 
Fe-16Cr-14Ni-1Si 900-1200 O. 086( ~~: ~~5) 251 (± 4) Tracer Assassa (1978) 4 
Fe-20Cr-10Ni 943-1038 3.1 283 Tracer Darvula (1979
' 
) 
, 
Fe-19Cr-10Nl 943-1038 5.6 296 Tracer Darvula (19792 ) 
Fe-15Cr- 20Ni 960-1400 8.3 (21 ) 
-3.3 309(± 11) Tracer Rothman (1980) 
Fe-15Cr-20Ni-Si 960-1400 7.1 (+15 ) 
-3.3 303(±9) Tracer Rothman (1980) 
Fe-O to 27Cr 1100-1350 0.1 (0.1 ) 259(± 9) Di'ffusion Alberry (1974) 5 
-0.05 
couDle 
Fe-20Cr-20Ni 800 D = 1.5x 10-13 
Fe- 20Cr- 40Ni 800 
-13 Diffusion Ericsson (1970' ) D = 3.5 x 10 
_1 1 couple 
Fe- 20Cr- 40Ni 1000 D = 2.3 x 10 
... 
-
Table 3: Chromium Volume Diffusion Data in Ferritic Steels 
Compos i tion Temperature D Q Technique Au thor Line ODoI. 0 
range 
cm 2 IS Figure 14 °c kJ/mol used 
, 
Fe 8.52(+3.20) 251 (±7) Bowen (1970 1 ) 
-2.33 
Fe-2Cr 797 - 1402 
, 
3.2lC~::~) 244 (±5) Tracer Bowen (1970 2 ) 
Fe-6Cr 797 - 1402 1 21(0.73) 
· -0.46 237 (±l0) Tracer Bowen (1970
2) 
Fe-12Cr 861 - 1422 1. 29 231 Tracer Wolfe (1964) 6 
Fe-13Cr 797 - 1402 0.64 ( 0.07) 232 (±3) Tracer Bowen (1970 2) 
Fe-16Cr 797 - 1402 0.19 (0.03 ) 
-0.02 231 
(±4) Tracer Bowen (1970 2) 
Fe-17Cr 861 - 1422 0.46 220 Tracer Wolfe (1964) 
Fe-19Cr 797 - 1402 018(0.05) 
· -0.04 217 (±6) Tracer Bowen (19702 ) 7 
Fe-25Cr 950 - 1250 0.156 203 Tracer Pax ton (1960) 
, 
Fe-25Cr-5Ni 600 - 1000 o 06(0.11) 
· 0.03 212 (±5) Tracer Smi th (1976) 
, 
2.2 C;:g) Fe - 0 to 27Cr 750 - 1400 240 (±2) Diffusionc 1 A1berry (1974) 8 oup e 
. 
Table 4 Grain Boundary Diffusion Data in Steels 
Composi tion Temperature Do Q Technique Author Diffusant Line on 
range 
cm3 Is kJ/mol used Fig.lS 
°c 
AUSTENITIC STEELS , 
Y - iron 9S0 - 1160 7.7 x 10 - 8 lS9 Tracer James (196S) Iron 1 
, 
_ 8 
Fe-16Cr-14Ni-lSi 800 - 10S0 Dc S.7 x 10 172 (±4) Tracer Assassa (1978) Chromium 2 
~e-16Cr-11Ni 7S0oC , Re-crys ta11-178 (± 2) 
isation Varin (1984) 
Fe-17Cr-llNi 900 - 1200 
I 
6.1 x 10 -8 177 (+6) 'I'racer Pati1 ( 1982) Iron 3 
Fe-17Cr-12Ni 576 - 1050 3.5 x 10 -8 151 Tracer Perkins (1973) Chromium 4 
, 
+9.1 -6-Fe-17Cr-12Ni 650 - 1000 (1.S 0.3)x10 191 (±l6) Tracer Smi th (1975) Chromium 5 
+900 -8 Fe-20Cr-25Ni-Nb 550 - 900 , (250_ 200)x10 187 (±12) Tracer Smi th (1969) Chromium 6 
FERRlTIC STEELS , 
, 
-8 
( 1965) 7 
'" 
- iron 501 - 682 112 x 10 174 Tracer James Iron 
iron 3.6 x 10-2cm2 s -1 146 Theoretical Balufft (1982) Vacancy 8 '" - , 
Table 5: Sulphur Volume Diffusion Data 
Temperature D Q D Material °2 - 1 Author cr 2 s -1 OC cm s kJ/mol 
AUSTENITIC 650°C 700°C 
Pure Fe 850 - 1460 2.42 224 Seibel (1964) 5.1 x 10- 13 2.3 x 10- 12 
Pure y 
- Fe 1000 - 1200 2.46 x 10 - 3~ 151 Zemskili ( 1970) 7.0 x 10- 12 1. 9 X -11 10 
Fe-0.36% C 1200 -, - I I -11 Fe 3Ni-lCr 1000 - 1.05 x 10 115 Zemskii (1970) 3.3 x 10 7.0 x 10 
Y - Fe 1025 209 - 13 10- 12 935 - 0.5 Wang ( 1970) 7.4 x 10 3.0 x 
Y - Fe 950 - 1250 1.7 222 Hoshino ( 1971) 4.6 x 10- 13 -12 2.1 x 10 
Fe - 3Si 700 - 1200 1.7x 10 2 256 Gruzin (1971) 5.5 x 10 - 13 3.1 X 10- 12 
FERRITIC 
10- 2 6.4 x -12 - I I Fe - 26Cr 850 - 1200 3.06 x 171 Fillastre (1982) 10 2.0 x 10 
,,- Fe 780 - 880 2.7 205 Wang ( 1970) 6.8 x 10 - I 2 2.7 x 10 -11 
Pure Fe ",- <5 1460 1. 35 203 Seibe1 ( 1964) 4.4 x 10- I 2 1.7 - 1 1 850 - x 10 
Pure er: - Fe 800 - 900 1. 07 168 ZemskiL (1970) 3.3~ x -10- 10 1.0 x 10 -9 
,,- Fe 910 - 1400 4.56 215 Swisher (1967) 3.1 x 10- 12 1.3x 10 -11 
,,- Fe 750 - 900 1.68 205 Ainslie (1960) 4.2 x 10 -12 10 -1 I 1.7 x 
0.003 C 700 - 900 34.6 231 2.9 x -12 10- 11 Fe - Gruzin ( 1972) 10 1.4x 
Table 6: Etchants Used 
Composi tion Effect 
Picric acid : 1 ml picric, Attacks carbides 
5ml HC1. 100 ml alcohol 
Vilella's reagent : 5 ml HC1,lg Attacks carbides 
picric, 100ml alcohol 
Oxalic acid : 109 oxalic. lOOml OU tlines phases 
water, electrolytic at 6V 
Potassium hydroxide : 45g kOH. Stains s igma and chi bronze, 
BOmI water, electrolytic at 2.5V ferri te gray to blue, carbides 
and aus teni te untouched 
Mur ak ami '8 reagent: Stains carbides dark, ferr! te 
109 K3Fe(CN)6' 109 kOH. yellow, sigma blue, aus teni te 
IOOml water, hot solution untouched 
Table 7: Material composition, grain size and hardness 
Compos i tion, wt.%, balance is Fe 
Grain Reichart Micro-Steel size hardness Cr Ni Mo Nb Mn Si Cu Ti V p S C Ilm kg/mm~ 
9 Cr/l Mo 9.2 0.18 0.97 <0.1 0.59 0.60 0.10 <O.l <0.1 0.013 <0.01 0.11 21 233 ± 18 
AISI 446 25.5 <0.2 <0.1 <0.1 0.62 0.37 <0.1 <0.1 <0.1 0.02 0.012 0.10 32 240 ±34 
AISI 310 "'27 "'20 0.24 <0.1 "'2 <1. 5 0.08 <0.1 0.1 0.02 kO.02 0.05 24 212 ±32 
Aged 70 
AISI 310 "'25 19.4 0.09 <0.1 "'2. 5 <1. 5 0.05 <0.1 <0.1 O.OlA 0.02 0.08 to 248 ±24 
140 
AISI 310 
+ Nb ",26 "'21 0.38 0.62 1.6 <1. 5 0.05 <0.1 <0.1 0.015 <0.02 0.05 27 199 ±11 
- - - - -- -- --
.. 
- -
Mild Steel 0.11 0.09 0.02 0 1.05 0.17 0.22 0 <0.01 ~.025 0.028 0.15 
Table 8 Activity of metal required to maintain equilibrium 
Temp. ·C 550 650 700 
Ps at'm. 5.0 x 10 -, 8.7 x 10- 8 2.9 x 10 -7 2 
Sulphide 
Fe S 0.0023 0.0061 0.0091 
Fe S2 0.42 4.8 13.5 
FeS2 cannot form FeS 2 cannot form 
Cr S 0.000014 0.000068 0.00014 
Cr 2S3 0.0000025 0.000019 0.000046 
Ni S 0.041 0.10 0.15 
Ni3 S2 0.039 0.086 0.12 
Table 9: Values of index, n, and rate constant for mass 
gain and metal loss at 550°C 
Linear rate Linear rate 
cons tant for cons tant for 
Alloy Index mass gain'~G metal loss, kML 
n 
-\ 
--- cm-2 s 
-\ 
mg IJDI s 
-5 -5 
AISI 310 1.13 ±0.40 1.2 x 10 2.0 x 10 
-5 _5 
AISI 310+Nb 0.93 ±0.15 1.3 x 10 2.3 x 10 
Aged AISI 310 0.93 ±0.38 1.1 x 10 
-5 _5 
2.1 x 10 
AISI 316 1.03 to. 41 1.2x 10- 5 
_5 _5 
AISI 446 0.77 ±O. 24 1.3x 10 2.3 x 10 
Fe-9Cr-1Mo 1.10 ±O. 26 2.4 x 10 
-5 
Table 10; AISI 446, 550°C 
100 hrs 300 hrs 1000 hrs 
Scales 
inner 33Cr 
- llFe - 548, 8.31lm 33Cr - 10Fe - 548, lOllm 36Cr - lOFe - 51S, 141lm 
middle 28Cr - l5Fe - 556, 4.81lm 29Cr - 14Fe - 556, 30llm 29Cr - l4Fe - 55S, 40llm 
outer 4 Cr - 44Fe 
-
516, 61lm 4 Cr - 44Fe - 5l6,151lm 3 Cr - °46Fe - 50S,5ljlm 
Interface 28Cr - 68Fe - 2S 28Cr - 68Fe 48 31Cr - 64Fe 3S ( average) - -Concentration 
28Cr - 68Fe - 48 (matrix) 
Depletion none none Enriched in Cr, depleted in 
Fe to l5jlm. Cr rich sulphides 
Grain Boundaries Rich in S. depleted in Fe Depleted in Cr, enriched in Depleted in Cr, enriched in 
near to surface Fe and S Fe and S. 
.' . 
Internal 
Within lDllm of Burf,ace .. Sti lphides in of 6u lphida tion none centre 
. 
specimen 
. 
. 
Table 11: AISI 310, 550°C 
100 hours 300 hours 1000 hours 
Scales 29Cr-4Fe-20Ni-36S-10Si, 61lm 31Cr-6Fe-12Ni-42S-SSi, 91lm 
inner 33Cr-4Fe-6Ni-4SS-9S1, 51lm 19Cr-3Fe-33Nl-29S-1SSi, 41lm 36Cr-4Fe-ONi-S3S'-6Si, 81lm 
middle 29Cr-12Fe-ONi-S6S, 141lm 36Cr-7Fe-ONi-56S, 21jlm 31Cr-llFe-ONi-56S-0Si, 24jlm 
outer 3Cr-41Fe-5Ni-SOS, 21jlm SCr-39Fe-4Ni-51S, 261lm 3Cr-40Fe-6Ni-50S-0Si, 311lm 
powder OCr-44Fe-4Ni-SOS lCr-42Fe-4Ni-SlS-0Si 
Interface 27Cr - 47Fe - 19N1 27Cr - 47Fe - 19Ni 27Cr - 47Fe - 19N1 
Concentration 
Depletion none none none 
Graini',Boundaries 
No attack 
near to surface No attack No attack 
-
Internal 
Sulphldation none none none 
Table 12: Values of index, n, and rate 
constant for mass gain at 650°C 
Linear rate 
Alloy 
constant for 
n gain,kMG mass 
-2 -1 
mg cm S 
AISI 310 0.69 ±0.36 8.0 x 10 
-6 
I 
AISI 310 + Nb 1.06 ±0.28 7.9 x 10 -6 
Aged AISI 310 0.69 ±0.25 9.3 x 10- 6 
_6 
AISI 316 0.93 ±0.84 7.2 x 10 
AISI 446 1. 66 ±0.45 Breakaway 
kinetics 
-6 
Fe-9Cr-1Mo 1.25 ±0.39 14.2 x 10 
Table 13 AISI 446, 650°C 
100 hours 300 hours 
Scales 
inner 34Cr - l3Fe - 49S, l8IJm 37Cr - 7Fe - 55S, 26~m 
middle llCr - 37Fe - 50S, l7IJm 
outer 8Cr - 39Fe - 52S, 39~ 
Interface 28Cr - 70Fe - 2S HCr - 75Fe - 12S (average) 
Concentration HCr - 85Fe - 3S (matrix) 
Depletion none Cr depletion, Fe& S enriched 
to 7OIJm, (average) 
to 2OIJm, (matrix) 
Grain Boundaries Enriched in Cr & S, depleted in Fe Rich in Cr & S, depleted in Fe. 
near to Surface Cr depleted in adjacent zone 
to grain boundary to 3 IJm. 
, 
Internal Cr sUlphides at grain boundary Grain boundary attack to 76IJm Sulphi(Jatloii~ - - - .- - - -- -- -- - -- --- - ---=-
- --
.. 
Cr los t from 
depletion zone 500IJm At.% 
, 
Table 14: AI8I 310, 650°C 
100 hours 300 hours 
Scales 
inner 24Cr - 13Fe - 3Ni - 49S 29Cr - 12Fe - ONi - 568 
middle Cr rich 
outer Fe rich 
Interface 16Cr 35Fe 42Ni 4S ( average) 6Cr 55Fe 30Ni 78 ( average) - - - - - -Concentration 
2Cr - 60Fe - 33Ni 
- 28 (matrix) 
Depletion none Cr depletion to: 'V2011m (average) 
1511m (matrix) 
Grain Boundaries Zone next to G.B. depleted of Cr, 
Near to surface enriched in Fe & 8, to 4 llm. 
. 
In terna1 
- - _ Yes. Yes -".;- --., - - - - - - -
- -
~ 8u·1phida tion - - - - - - - - - - - -
- - - .-
- -
--- -
- - -
- - - - -
!er lost from 24211m At.% depletion zone 
Table 15: Values of index, n, and rate 
o 
cons tant for mass gain at 700 C 
Rate constant 
Alloy k n 0.75 
mg cm -2 8 -0.75 
AISI 310 0.81 ±0.40 5.8 x 10- 4 
AISI 310 + Nb 0.70 ±O.47 3.6 x 10- 4 
Aged AISI 31( 0.87 ±0.53 4.6 x 10- 4 
AISI 316 0.70 ±0.24 3.8 x 10-4 
AISI 446 0.71 ±0.09 5.7 x 10- 4 
Fe-9Cr-1Mo 0.79 ±O. 77 3.8 x 
_4 
10 
Table 16: AISI 446, 700·C 
100 hours 300 hours 1000 hours 
Scales 
inner 42Cr - 5Fe - 50S, 251lm 53Cr - 2Fe - 43S, 361lm 37Cr - 7Fe - 548, 44 Ilm 
outer 43Cr - l4Fe - 40S, l81lm 36Cr - 10Fe - 50S, 30 Ilm 
34Cr - 10Fe - 548, 30 Ilm 
Interface l5Cr - 75Fe - 10S ( average) 5Cr 
- 90Fe - 2S ( average) l5Cr - 70Fe - 13S ( average) 
concentration 
Depletion Cr deple tion to 80llm Cr depletion to 100llm Cr depletion to l771lm 
Grain Boundaries Rich in Cr & S, Near to Surface depleted in Fe Rich in Cr & S. 
Internal G.B. SUlphidation attack to 72llm G.B. attack to 90llm G.B. attack to 1861lm 
Cr lost from 
460 Ilm At.% 1l001lID At. % Depletion zone 
- - -
- --
-
- - - -
-
- -- -
- --
- -
~ -
-
- - -
Scales 
lnner 
outer 
Interface 
Concentration 
Depletion 
Grain Boundaries 
Near to 
Surface 
Internal 
Sulphidation 
- '- - - -
- - -
- - -
Cr lost from 
depletion zone 
22Cr 
29Cr 
o 
Table 17: AISI 310, 700 C 
100 hours 
- l6Fe - 5Ni - 47S, sl1n 
-
l2Fe 
- ONi - SSS ,32].ml 
SCr - 47Fe - 34Ni - 12S ( average) 
Cr depletion to 
-
4OlJm (average) . 
Also Cr depleted zones adjacent 
to grain boundaries 
Cr & S rich precipi tates. 
Deple ted in Ni & Fe 
At G.B.s and in matrix. 
To 18)Jm 
- -
- - - -
- - -
-
- - - -
- -
- - -
- - -
- - -
- - -
- - -
460lJm At.% 
300 hours 
33Cr - l4Fe - 2Ni - 47S, 9]Jm 
44Cr - 1.7Fe 
- ONi - 52.2S, 1S].ml 
12Cr - 55Fe - 23Ni - SS ( average) 
Cr depletion, Fe & Ni enriched to 
40lJm (average) 
8lJm (matrix) 
At grain boundaries and in 
matrix. 
To 32lJm 
- - --
420]lm - At-. % - - - - -
- -
- - -
0 
- -
- - -
- - -
- -
Table 18: AISI 310 + Nb, 700°C 
100 hours 
Scales: 
inner l8Cr 
-
2lFe - 4Ni - 445 
outer 27Cr - 17Fe - 0.5Ni - 518 
Interface 3Cr - 47Fe - 34Ni - 68 ( average) 
concentration 2Cr - 50 Fe - 34Ni - 3S (matrix) 
Depletion Cr depleted, Ni enriched to 2O].lm 
(average) 
Precipi tates Rich in er & 8, depleted in 
Fe & Ni 
Internal To lI].lID 
8ulphidation 
-
-
-
- - -
- - - -
- - ~ - -
- - - -
- --
- - - -
- - -
- - -
-
- -
Cr lost from 240 ].lID At.% - - - - - - - - -- - - - - - - -
depletion zone 
Tempera-
ture 
°c 
850°C 
900·C 
950 
1200 
Table 19: Diffusion coefficients derived from 
chromium plated couples 
Anneal AISI 310 AISI 310 + Nb Aged AISI 
time 
cm2s -1 cm2 s 
_1 
,; -1 hours c s 
384 7.9(±6) x10 -13 
384 8.0(±5) x10-13 
_12 
-12 116 2 x10 1 x10 1 ,', x10 
-1 3 
352 2 x10 
1.1(±0.9)x10 -13 358 
136 4.6(±2) x10'3 
136 3.0(±2) x10- 1 
2.17 1. 8(±0. 5)x10 -8 
2.17 4(±1.5) x10- 8 
310 AISI 446 
c'; s-1 
7 -1 
.1(±2.3)xI0 
+ 43 8.6(_1.,7)x10 
_3 
0 
-9 3. 4(± 1. 7)x10 
Table 20 
Steel 
AISI 310 
Diffusion coefficients at SOO'C determined 
from co-extruded couples 
Anneal Area Diffusion 
duration Coefficient 
hours cm2s -1 
_14 
3144 1 3. 3(±0. 8) x 10 
_14 
2 4.4(±1.<.l) x 10 
_14 
AISI 310 +Nb 3144 1 4.4(±0.7) x 10 
2 6.l(±2.0) x 10- 14 
3144 7.3(±2.9) -14 Aged AISI 1 x 10 
310 2 10. 5(±5. 4) 10- 14 X 
_ 11 
Analysis 
used 
Matano-Boltzmann 
n n 
n n 
n n 
n n 
n n 
AISI 446 1464 1 7.5(±1.4) x 10 Two phase system 
3144 1 8.4(±1.6) x 10 -11 n n n 
3144 2 9.3(±5.1) x 10- 11 n n n 
Table 21 
Tempera 
-ture 
·C 
800·C 
850·C 
900·C 
950·C 
1000·C 
1l00·C 
1200·C 
Diffusion Coefficients for AISI 310 using Co-Extruded 
Couples, calculated using Matano-Boltzmann analysis 
Anneal Diffusion Coefficient 
Duration 
Area 1 Area 2 Area 3 
hours 2 - 1 cm s cm2s - 1 cm 29 -1 
3144 3.3(±0.8) x 10 
_14 
x 10- 14 4.4(±1.9) 
1416 2.0(±1. 3) x 10- 13 1.5(±0.2) x 10- 13 2.0( 0.7) 
672 5.7(±2.2) x 10 -13 4.5(±1.1) x 10- 13 
96 1.l(:fO.2) -12 x 10 1. 3(±0. 2) x 10 -12 
-
12 
10- 12 264 1.3(±0.2) x 10 1. 2(±0.1) x 
50 3.6(±1. 4) x 10- 12 2.2(±0.9) x 10 
_12 
165 2.3(±0.1) x 10- 12 4.2(±0.9) x 10- 12 4.6( 0.9) 
_ 1 1 
-11 20 2.9(±1. 2) x 10 1.6(±0.7) x 10 
5 1. 8(±0. 6) x 10-to 1. 7(±0. 5) x 10 -10 
x 10- 13 
x 10- 12 
-
Table 22 
Tempera-
ture 
Pc 
800 
850 
900 
950 
1000 
1100 
1200 
Diffusion Coefficients for AISI 446 using Co-Extruded 
Couples 
Anneal Diffusion coefficient Method of 
Duration 
analysis used 
Area 1 Area 2 
to determine 
2 -I 2 -I "-hours cm s cm s D 
1464 7.5(±1.4) x 10- 12 I 'Two phase system 
3144 8.4(±1.6) x 10-12 9.3(±5.1) x 10- 12 .. .. .. 
1416 2.9(±0.4) x 10- 11 2.3(±0.3) x 10- 11 .. .. .. 
672 7.7(±0.6) x 10- 11 7.2(±1.3) x 10- 11 .. .. .. 
402 1.5(±0.1) x 10- 10 1.2(±0.1) x 10- 10 .. .. .. 
165 3.8(±0.3) x 10- 10 3.3(±0.2) x 10- 10 " .. " 
20 2.1(±0.2) x 10- 11 2.3(±0.4) x 10- 11 ~antano-Boltzmann 
5 8.0(±0.8) x 10- 11 9.4(±1.1) x 10- 11 " .. 
---
---
----
----
----
~ -----
---
---
--
--------
-- -
Table 23 
: }.Iateri"l 
AISI 310 
AISI 310 
AISI 416 
" 
AISI 446 
Diffusion Coefficients Determined using Iron 
Plated Couples 
Diffusion Coeffi-
Temper- Anneal 
Diffusion coeffi- cients Extra-
cients from Fe- po1ated from Co-
ature Duration plated couples Ex Resul ts 
·C hours cm 2s -I cm2s -1 
650·C 3306 5.1 (±0.7)xl0714 3.1 x 10- 16 
700·C 1031 3.4(±1.7) x 10-13 1. B x 10- 15 
2.4(±l.B) x 10-13 
650 3306 0.16(±0.OB)xlO -13 2.0 x 10- 13 
1.1 (±0.6) xlO-13 
700 1031 4.6(±2.2) x 10-13 B.O x 10- 13 
3.5(±1.6) x 10-13 
Table 24 Comparison of corrosion at 550,650 & 700°C 
550°C 650°C 700°C 
Internal None in AISI 310 Yes Yes 
Sulphida- Slight in AISI 446 AISI 446>AISI 310 AISI 446>AISI 310 tion 
Alloy None Yes Yes 
depletion AISI 446>AISI 310 AISI 446>AISI 310 
Cr content Constant with Varies wi th time Varies with time 
". 
i.l.l. 
'. 
of scales time AISI 446>AISI 310 AISI 446>AISI 310 
AISI 446=AISI 310 
Displacement Recedes wi th Stationary Stationary 
of ini tial metal loss 
scale AISI 446=AISI 310 
Metal Yes Af ter 300 hours Negligible 
loss AISI 446=AISI 310 AISI 446>AISI 310 
Corrosion 1 (linear law) 1 (linear law) 0.75 
index, for aus teni tes 
n AISI 446=AISI 310 1.66 for ferrite AISI 446=AISI 310 
Mass 
AISI 446=AISI 310 Gain AISI 446>AISI 310 AISI 446=AISI 310 
Table 25 
Tempera-
ture 
De 
BOO 
750 
700 
650 
550 
450 
Predicted anneal times to produce profiles 
similar to those for AlSl 310(Figure 64) 
a d AlSl 446 (Fillure 72) at BOODe 
AlSl 310 AlSl 446 
'V IJ Estimated D Predicted Estimated 
2 -1 Time cm 2s- 1 cm s days 
3.8 x 10- 1 ' 131 9.0 x 10- 12 
B.9 x 10- 15 560 2.8 x 10- 12 
1.9 x 10- 15 2,800 B.O x 10- 1 3 
3.1 x 10- 16 16,000 2.0 x 10- 13 
4.7 x 10-! B 1,100,000 7.0 x 10- 15 
2.3 x 10- 20 220 ,000 , 000 1.0 x 10- 16 
Predicted 
Time 
days 
131 
420 
1,500 
5,900 
170,000 
.2,000,000 
Table 26 
Material Temperature 
QC 
AISI 446 650 
AISI 310 650 
AISI 310 700 
.- - - - --
-
- -
- -
-- -
Comparison of chemical volume diffusion coefficients determined 
from matrix depletion zones and diffusion couples 
'" '" D D
Figure Time 0 couples depletion 
hours microns cm 2 • 
-I . 
cm
2 
.-1 
38 300 20 2.0 x 10- 13 1.9 x 10- 12 
39 300 16 3.1 x 10- 16 1.2 X 10- 12 
-
- --
--Ls-,,:io- n -- - - - - - -55 300 
- -
_ .. 12------- 6.7 x 10- 13 
- -
- -
- -
- -
- --
- -
- - -
-- -
- - -
'" D (dej!letion) 
'" D (coup le) 
9 
4000 
- -
.. --
~ -
.. - - --
- -
400 
Table 27 Values of D' <5 determined using Fisher Analysis 
for outward Cr diffusion 
Temperature Time AISI 446 AISI 310 
·C hours 3 -I cm s 3 -I cm s 
650 300 5.4 x 10- 13 2.1 x 10- 17 
700 100 3.1 X 10- 13 4.2 X 10-16 
300 4.3 X 10-1'> 7.0 X 10- 16 
AISI 310 
+ Nb 
3 -I 
cm s 
3.4 X 10- 16 
------=--'---
Table 28: Calculation of Theoretical Cr output from 
enhanced zones and that due to volume diffusion, 
and comparison with measured alloy Cr depletion 
Values used: 
- 3 
Per' mg cm 
g, cm 
D'O, cm 3s- 1 
Cr ou tpu t from en-
-2 hanced zones,mg cm 
Cr ou tpu t from 
volume diffusion, 
AlSl 446 
12 
AlS I 446 
100 hrs. 
9.2 
0.7 
AlSl 310 
2.12 X 10 3 
9 
Alsr 310 
300 hrs. 100 hrs. 300 hrs. 
21 0.8 1.7 
1.2 0.8 1.4 
-2 ~~--~~~~I-~~~~~~~mg.-cm~.~~II~~~~~~"I~~~~~~~I"~~~~~~I-~~ __ ~~c-Ilc--~·~~· 
Sum of predicted 9.9 22.2 1.6 3.1 
Cr output 
-2 
mg cm 
Measured Cr loss 3.4 8.0 3.5 3.2 
during corrosion, 
mg ,cm -2 
Table 29 
Time 
hours 
100 
300 
Comparison of measured mass gain to that 
which can be attributed to chromium loss 
from depletion zone 
.. 
Mass gain due to measured 
Measured Mass Cr loss 
gain 
AISI 446· AISI 310 
mg cm -2 mg cm- 2 mg cm- 2 
8.4 2.1 2.2 
19.1 4.9 2.0 
Table 30 
Temper-
ature 
°c 
700 
650°C 
Permeability data determined from extent of 
internal sulphidation and the product of 
sulphur solubilities and diffusivlties 
Alloy Permeabil1 ty deter- Product of SUlphur 
mined from extent solubil1 ty and 
of internal diffusivl ty 
sulphidatlon 
Ns Ds Ns Ds 
cm 2 s-1 cm2s -1 
AISI 446 2 x 10- 11 9 x 10- 16 
--
- - - -
--
- - - -- -- --- - - - -
AISI 310 3 x 10- 12 
AISI 310 + 2 x 10- 12 5 x 10- 18 
Nb 
Aged AISI 310 5 x 10- 12 
. \
AISI 446 9 x 10- 12 1 x 10-: 16 
r----
- - -- - - --- -
,... 
- -- - - -
AISI 310 1 x 10- 12 
AISI 310 + 1 x 10- 12 3 x 10- 19 
Nb 
Aged AISI 310 2 x 10- 12 
Figure 1 Coal-fired power station boiler 
(taken from C.E.G.B. Research, 
October 1978) 
Superheater and reheater 
corrosion on leading pendants 
Furnace-woll corrosion 
worst on sidewolls 
Figure 2 Fe-er phase diagram (taken from 
·c 
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Figure 3 Concentration profile of least noble 
metal A during oxidation of binary 
alloy A-B, containing NA(b) mole 
fraction of A for Wagner's analysis. 
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Figure 5. Types of scale growth. 
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Phase boundary reactions: 
(1) Ionisation of Fe and Cr. 
(2) Perforating dissociation of cr3S4. 
(3) Displacement reaction of FeS and Cr3S4 formation. 
(4) FeS formation. 
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Figure 13. Activation energy for chromium 
volume diffusion in Fe-er alloys. 
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Figure 14. Arrhenius plot of published 
volume diffusion data. 
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Figure 21: Activation and plating bath 
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Figure 22.1. Metal loss for AISI 310 at 5500 C. 
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Figure 22.2. Mass gain for AISI 310 at 5500 C. 
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Figure 23.1. Metal loss for AISI 446 at 5500 C. 
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Figure 23.2. Mass gain for AISI 446 at 5500 C. 
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• Figure 24 . AISI 446 , 550 c. 
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Figure 25 . AISI 310 , 550· C . 
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Figure 27 . Aged AISI 310 , 5500 c . 
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Figure 28.1. Concentration profile perpendicular 
to grain boundary, 6 microns from alloy surface 
of AISI 446 after 300 hours at 5500 C. 
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Figure 28.2. Concentration profile perpendicular 
to grain boundary, in bulk of AISI 446 after 300 
hours at 550' C. 
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Figure 29. Mass gain for AISI 446 and AISI 310 at 650°C 
Least squares line drawn for AISI 310. 
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Figure 31. Depth of internal sul~hidation for AISI 44E 
and AISI 310 at 6500 C. 
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Figure 34 . AISI 310+Nb , 650'C. 
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Figure 3S . Aged AISI 310 , 6S0oC. 
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Figure 36. Average concentration profile for AISI 446 
after 300 hours at 650°C in 1% H2 S. 
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Figure 37. Average concentration profile for AISI 31C 
after 300 hours at 65Cf C in 1% H2 S. 
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Figure 38. Matrix concentration profile, obtained using spot 
analyses distant from grain boundaries, for 
AISI 446 after 300 hours at 650°C in H2 S. 
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Figure 39. Matrix concentration profile, obtained using 
spot analyses avoiding precipitates, for 
AISI 310 after 300 hours at 650°C in H2S. 
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Figure 40. Concentration profile perpendicular to grain boundary 
precipitate, 40 microns from surface of AISI 446 
after 300 hours at 650°C in H
2
S. 
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Figure 41. Concentration profile perpendicular to grain 
boundary 18 microns from surface of AISI 310 
after 300 hours at 650°C in 1% H2 S. 
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Figure 42.1. Mass gain as a function of (timers for AISI 31C 
at 70cf C. Least squares line drawn. 
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Figure 42.2. Mass gain as a function of (timef7~ for AISI 441 
at 700°C. Least squares line drawn. 
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Figure 43.1. Metal loss for AISI 310 at 700°C. 
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Figure 43.2. Metal loss for AISI 446 at 700° C. 
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Figure 44. Depth of internal sulphidation for 
AISI 446 and AISI 310 at 7000 c. 
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Figure 45 . AISI 446 , 700°C . 
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Figure 49. Average concentration profile and 
microstructure for AISI 446 after 
100 hours at 7000 C in 1% H2 S. 
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Figure 50. Average concentration profile for 
. AISI 446 after 300 hours at 7000 C 
in 1% H2 S. 
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Figure 51. Average concentration profile for AISI 446 
after 1000 hours at 7000 C in 1% H2 S. 
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Figure 52. Average concentration profile for 
AISI 310 after 100 hours at 70c! C 
in 1% H2 S. 
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Figure 53. Average concentration profile for 
AISI 310 after 300 hours at 7000 C 
in 1% H2 S. 
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Figure 54. Average concentration profile for 
AISI 310+Nb after 100 hours at 
7000 e in 1% H2 S. 
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Figure 55. Matrix concentration profile for 
AISI 310 after 300 hours at 70cf C in 1% H2 S 
obtained using spot analyses distant from 
precipitates. 
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Figure 56 Program to calculate yolume chemical 
diffusion coefficients using the 
Matano-Boltzmann analysts. 
100 
real ",idpts 
dimension oatain(50,21,mid~ts(50,31 
print *,'enter numb~r of datd ~oints' 
read *,numdat 
00 100,i=1,numcat 
print *,'~nter screen Clistance in mm and ~ .,t er 
"'commencin::f with highest ccncentration' 
read ',catair.( i,lI,datain( ;,21 
do 150, ;=1,nu",,,at 
150 print ',(Jata;n(;,lI,rHtair-,(i,?1 
sum=.] 
dO 200,;=1,numoat-1 
200 sum=sum+O.5*(datdin(;,1)+r1ata;n(;+1,1I)' 
1 (data;n(i ,21-data;n(;+1,2» 
corr=suml (oa ta ;n( 1,2) -aata in(numdat,21 
pr 1 n t *,' ; n put m a g no; f ; cat; en I 
read *,amag 
do. 300,;=1,numd~t 
300 Jata;n(;,;)=(dat,,;n(;,1)-ccrr)/(amd)*1C) 
do 400 ,;=l,numdat-l 
'" ; d I.J t s ( ; , 1 ) = ( cat 3 ; " ( ; , 1 ) + cat a ; n ( ; + 1 , 1 1 1 *.(1 • 5 
Cl i d p t s (; ,2 1 = ( cl at' i n ( ; , ? ) + C 3 t a ; n ( ; + 1 , 2 1 ) • (1 • 5 
40 0 m; (j CJ t s ( ; , 31 = (r1 at d ; n ( ; , 1 ) - ~ a t a i n ( ; + 1 , 1 ) 1 I 
*Cdat.;n(; ,ZI-riatafn(i+l,21 1 
are a = O. 5' (m; ap t s.( nu m" a t - 1 , 1 ) + rj a t a ; n ( n!J" d at, 1 ) ) • 
* (m id p t s (n urn dot -1 , ~ 1 -.j a t a i n (n urn d at, 21 1 
print *,'input ti~e 1n secs' 
red d *, ti me 
d; t teo= (-0. 5/i: imel *mi r1~t s (rum:iat-l ,3) ·area. 
* , , con C e n t rat; O!1 = ' , rn i dot s ( n U fr· '1 d t - 1 , '2 ), •• , • 
, 
pr; n t 
print 
print 
.. , I 9 r a a; en t = I , :n ; c pt s (n U ITI d a t - 1 , 3) , • c ,TI / '"!., I 
*,'diffusion cu~fficient=·,dlffcc,'crr,*c.,/sec' 
print *,'.' 
do SuO, i=nu'lloat-2,1 ,-1 
are a = are a +0. 5' ("' ; d p t s ( ; , 1 1 • m ; d p t s ( i + 1 , 1 1 ,.. 
1 (m;dpts(; ,2)-midpts(; +1,211 
cl i t tea = (- O. 5 It; me 1 *m id" t s ( i, 31 • are a 
print *,·concentr.:)tion=·,rnid~ts(1,2),'A· 
pr 1 n t If,' gr a d; en t =', m i ap t s (; ,3), • cm/ X 1 
print .,'diffusion coetficient=',diffcc,·crr.*c'Tl/sec' 
500 print *,' 
stop· 
end 
Figure 57 ~ Concentration profile of chromium 
plated pure iron control couple. 
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Figure 58. Chromium concentration profile 
and microstructure for chromium plated 
AISI 310 couple after 116 hours at 9000 C. 
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Figure 59. Chromium concentration profi le 
and microstructure for chromium plated 
AISI 310 couple after 352 hours at 900°C. 
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Figure 60. Chromium plated AISI 310 couple 
after 2.17 hours at 12000 C. 
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Figure 61. Chromium concentration profile 
and microstructure for chromium plated 
AISI 446 couple after 352 hours at 900°C. 
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Figure 62. Arrhenius plot of derived 
diffusion data for AISI 446. 
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Figure 63. Chromium concentration profile of 
, AISI 310/mild steel control couple. 
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Figure 64. Chromium concentration profile for 
AIS1310/mild steel couple after 
3144 hours at 800°C. 
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Figure 65 
AISI 310 
AISI 310/ mild steel (picric and ION kCll,2 . 5v), 
3144 hours, 800 ° C, distances refer to those 
in figure 64 . 
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Figure 66 
Fe 
Ternary Fe-Cr-Ni phase diagram at 
Boobe (taken from Bulletin of 
Alloy Phase Diagrams, Vol.2, No.l, 1981) 
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Figure 67 
1400-+----
Fe-Cr phase diagram showing effect 
of carbon on the aus teni te loop 
(taken from Higgins, 1973) 
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Figure 68 Fe-Mn phase diagram (taken from 
Metals Ref.Bk .• Smithells). 
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Figure 69. Diffusion coefficient as a function 
of chromium concentration for AISI 
o 310 after 3144 hours at 800 C. 
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Figure 70. Arrhenius plot of derived 
diffusion data for AISI 310. 
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Figure 71. Chromium concentration profile of 
AISI 446/mild steel control couple. 
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Figure 72. Chromium concentration profile for AISI 446/ 
mild steel couple after 3144 hours at 8000 c. 
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Figure 75. Chromium concentration profile for AISI 446/ 
mild steel couple after 20 hours at 1100° C. 
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Figure 76. Comparison of mass gains at different temperatures. 
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Figure 81.1. Maximum predicted depletion 
profile for AISI 446 after . 
300 hours at 6scfc. 
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Figure 84. In(chromium concentration) for AISI 
446 after 300 hours at 7000 C in 1% 
H2 S, . least squares line drawn. 
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Figure 86. Maximum allowed metal loss if only chromium 
rich scales are to form on AISI 446 at 4000 C. 
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Figure 87. Maximum allowed metal loss if only chromium 
rich scales are to form on AISI 446 at 7000 C. 
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Figure 88. Maximum allowed metal loss if only chromium 
rich scales are to form on AISI 310 at 4000 C, 
using Perkin's (1973) grain boundary data. 
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Figure 89. Maximum allowed metal loss if only chromium 
rich scales are to form on AISI 310 at 400°C, 
using Smith's (1969) grain boundary data. 
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Figure 90. Maximum allowed metal loss if only chromium 
rich scales are to form on AISI 310 at 700°C. 
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Figure 93.1. Maximum predicted depletion 
profile for AISI 446 after 15449 hours 
at 400°C, using D = 8x10-W, cm1s-\. 
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